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MALASPINA GLACIER, ALASKA 
By RosBert P. SHARP 


ABSTRACT 


Malaspina Glacier is a piedmont ice sheet covering approximately 850 square miles 
on the flat coastal foreland of southern Alaska. The Seward-Malaspina glacier system 
has experienced marked deficits in 6 out of 9 budget years between 1945 and 1954. In 
1 of the remaining 3 years it had a good surplus, and in the other 2 years the economy 
was about balanced. Variation in precipitation has exerted a major influence on regimen. 

Seismic explorations show that the ice, 2000 feet thick, lies in a basin at least 825 
and possibly 1000 feet below sea level. Data support speculation that the closure of 
this basin is due about one-third to glacial erosion and two-thirds to peripheral glacial 
deposition. 

Geometrically and structurally, Malaspina Glacier is simple in broad aspects but 
complex in detail. An extensive system of radial crevasses, a prevailing foliation, and 
two sets of tight joints are consistent with the broad lobate “¥- of the sheet and with 
the stresses causing it to spread out on the coastal foreland. Near the center of the 
glacier the foliation dips too steeply (75°-85°) to be related es near-surface shearing, 
so it is attributed to plastic deformation at some depth. An extensive and complex 
Odel system of folds, spectacularly displayed on the glacier’s surface, deforms ice streams 
and debris bands about near-vertical axes. These structures were formed within the 


1WEST 


+, AND 
. pe Malaspina and are not inherited from higher in the system. They are attributed to 
’ slip folding, or to flowage with minor modification by slippage, and developed in re- 
sponse to the strong shove of ice pouring out of the mountains. The Malaspina Glacier 
spreads out and at the same time maintains sufficient thickness and surface slope to 
flow uphill across the coastal foreland by folding up accordian fashion. 
By Deformation of an aluminum pipe in a 1000-foot borehole near the center of this 


glacier provides information on internal flow. Differential movement in 1 year be- 
tween top and bottom of the hole was 5.75 feet, with the top moving the most. De- 
formation recorded in the uppermost 300 feet over a 3-year period extends to within 
less than 50 feet of the surface, amounts to 1.5 feet, and-follows a similar curve. Mala- 
spina borehole observations do not support the concept of extrusion flow. Plots of 
these data suggest that the strain rate is not an exponential function of depth, but 
rather that the stress-strain-rate relationship can be described by the commonly used 
function y = kr", with a value of about 3 for m. Yielding appears to have occurred at a 
shear stress as small as 0.01 bar. 

Movement of the Malaspina Glacier seemingly involves basal slip or boundary-layer 
flow as well as internal flowage. Movement of the ice is controlled primarily by surface 
slope, and steeper parts of the ice surface overlie ascending as well as descending reaches 
on the subglacial floor. Simple calculations based upon ablation, surface slope, and 
horizontal velocity show that surfaceward movement of ice is required near the glacier’s 
margin to maintain elevation and profile. Nye’s compressive flow seems the most likely 
mechanism for producing such surfaceward movement. 
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INTRODUCTION 


The Malaspina is the type specimen of a 
piedmont glacier (Russell, 1891, p. 57, 122; 
1901, p. 2, 109). Located alongside much- 
traveled southern Alaska sea and air routes, 
it has been observed and studied by explorers 
and geologists for over 65 years (Russell, 
1891, p. 70-74; 1892; Tarr, 1907; Tarr and 
Butler, 1909, p. 24-25; Tarr and Martin, 1914, 
p. 41-58: Washburn, 1935). Nonetheless, it 
has never been thoroughly investigated, owing 
to large size, unfavorable weather, and diffi- 
culties of access. 

Facilities and support provided by “Project 
Snow Cornice,” an endeavor of the Arctic 
Institute of North America directed by W. A. 
Wood, afforded exceptional opportunity for 
the following glaciological work upon the 
Malaspina during the summer of 1951: (1) 


determination by geophysical means of ice 
thickness along a radial profile line through 
the center of the glacier (Allen and Smith, 
1953); (2) recording of the vertical velocity 
profile by deformation of a pipe installed in a 
deep borehole (Sharp, 


1953); (3) study of 
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crystal fabrics in ice (to be reported by G. 
Rigsby); (4) investigation of megascopi 
structures including crevasses, foliation, ané 
folds; (5) observations pertinent to glace 
regimen, especially measurements of ablation 
and (6) mapping of features and deposits i 
the peripheral zone outside the present itt 
edge (Hartshorn, 1952). 

Earlier observations on the Malaspina } 
Snow Cornice personnel were made in 1%# 
by F. B. Leighton, Rigsby, and Sharp, at 
in 1949 by Henri Bader (1950; 1951), A.B 
Robertson, L. F. Nobles, and Sharp. In 1% 
a beach camp (Fig. 1) was established am 
supplied by small aircraft operating out 0 
Yakutat. A central camp on the glacier (Fig. ! 


was set up and maintained by a helicoptet 
The central glacier 


based at the beach camp. 
camp was occupied for approximately 
months by C. R. Allen, D. R. Baker, G. | 


Smith, Rigsby, and Sharp. Subsequent trips 
to this site were made on foot in 1952 by Noble: 
and Sharp, in 1953 by Allen and Sharp, 4% 


Conel and Sharp. 
Cornice suffered 


in 1954 by J. E. 


Project Snow a sever 
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setback on 27 July 1951 with the disappearance 
of its Norseman aircraft flown by veteran 
Alaskan bush pilot Maurice King with pas- 
sengers Foresta and Valerie Wood. This 
article is dedicated to these people. 
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LOCATION AND PHYSICAL SETTING 


Malaspina Glacier occupies part of the 
southern Alaska coastal foreland along the 
north shore of the Gulf of Alaska (59°52’ 
N., 140°30’ W.). The nearest settlement is 
Yakutat, a village and airfield, across Yakutat 
Bay to the east (Fig. 1). This ice sheet extends 
from the open sea at Sitkagi Bluffs, where it 
is almost tidal, 28 miles north to the base of 
the St. Elias Mountains and 40 miles west 
from Yakutat Bay to Icy Bay. Planimetric 
measurements on new maps (Yakutat, Icy 
Bay, Mount St. Elias, and Bering Glacier, 
Alaska, 1:250,000) indicate that the Malaspina 
covers approximately 850 square miles, ig- 
noring the 25 square miles of the now detached 


Lucia-Atrevida lobe (Plafker and Miller. 
1957b, p. 1). The 1500 square miles earlier 
cited by Russell (1893, p. 224) probably 
resulted from poor maps and _ inclusion of 
the Icy Bay lobe as part of the Malaspina. 
It cannot be used to determine the shrinkage 
of this sheet of ice since 1890. The Seward 
Glacier, which drains a large intermontane 
basin in the heart of the St. Elias Mountains 
(Fig. 1), supplies 69 per cent by area of the 
ice. The remaining 31 per cent is supplied 
by smaller glaciers flowing from the south 
face of these mountains, principally the 
Hayden, Marvine, Seward, Agassiz, and 
Libbey glaciers. This report deals with that 
part of the Malaspina supplied by the Seward 
Glacier. 

Altitudes on the ice surface range from 
about 75 feet at the outer margin to roughly 
2500 feet at the debouchment of Seward 
Glacier. The central camp is at approximately 
1370 feet. The glacier surface has a number 
of broad swells and swales and a few sharp 
risers. In the marginal zone, the residual 
debris of medial moraines caps ice ridges up 
to 300 feet high; closer to the outer edge is 
a rough chaotic debris-mantled topography 
characterizing stagnant ice (PI. 1, fig. 2). In 
an outermost marginal zone, which averages 
1 mile wide, vegetation (Pl. 1, fig. 1) has 
taken root in thicker, more stable superglacial 
debris, and a spruce forest with trees up to 
100 years old grows on the glacier. This super- 
glacial vegetation and the remnants of inter- 
glacial forests in two small areas of deglacia- 
tion date the last major advance of Malaspina 
Glacier at 200 + 50 years ago (Sharp, 1958). 
Except for small local areas along the south- 
eastern edge of the glacier, the ice has not 
receded from the terminal position attained 
in this last advance (Plafker and Miller, 
1957b, p. 11). 

On an average, in recent years the fim 
limit on the Malaspina-Seward system lies 
at about 2750 feet, a short distance up the 
lower Seward Glacier. Even under such condi- 
tions isolated snow patches may remain up0) 
the Malaspina, and some crevasses contain 
wedges of snow. In warm dry years, such as 
1950-1951, the firn limit recedes far up the 
lower Seward Glacier to 3500-4000 feet eleva 
tion, but in cool wet years, such as 1948- 
1949, the Malaspina may be nearly half- 
covered by snow at the end of the ablation 
season, with a firn limit in the neighborhoo 
of 1000-1200 feet elevation. 
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ABLATION AND REGIMEN 
General Statement 


Glacier regimen was not of major concern 
during this work, but measurements of abla- 
tion near the center of the Malaspina furnish 
a comparison of ablation rates on firn and 
ice and demonstrate marked differences be- 
tween ablation on the upper Seward and 
Malaspina glaciers. The data also permit 
generalizations concerning the regimen of 
the Seward-Malaspina system. 


Meteorological Conditions 


Malaspina weather is that of the maritime 
south coastal Alaskan environment as re- 
corded by the U. S. Weather Bureau station 
at Yakutat, on ice-free ground at 28 feet 
elevation. Yakutat has a mean annual precip- 
itation of 134 inches with extremes of 174 
and 86 inches. Mean relative humidity ranges 
between 79 and 90. Mean annual tempera- 
ture is 39°F., with recorded extremes of 79°F. 
and —22°F. Mean hourly wind speed is 8.5, 
and the prevailing direction is east. Mean 
sky cover from sunrise to sunset is 8.3. Pre- 
cipitation of 0.01 inch or greater is recorded 
on 223 days in an average year, on about 46 
of which some snow, hail or sleet occurs. 
Solid precipitation has been recorded in all 
months except June, July, and August. Heavy 
fog occurs on an average of 32 days per year. 

The only meteorological element measured 
at the central Malaspina camp was tempera- 
ture; wind and cloud cover were estimated. 
Two aspects of the central-camp meteorological 
environment merit comment. A cold gravity 
wind blows 60-70 per cent of the time from 
the north-northwest with an estimated velocity 
of 10-15 miles per hour. It is strongest on 
clear days, slackens at night, and is disrupted 
by stormy weather. The other aspect is the 
small diurnal variation in temperature re- 
corded from 4 July to 27 August, 1951, in a 
ventilated shelter about 4 feet above the 
ice surface. On 7 out of 55 days, the diurnal 
Tange was only 6°F., and on 9 it was 7°F. 
The median diurnal fluctuation was 8°, and 
the maximum was 17°. Minimum temperatures 
of 32°-34°F. were usual, and the daily maxima 
were for the most part between 40° and 45°F. 
The maximum of 51° was recorded twice, 
and the minimum, 32°F., occurred on 15 
out of 55 days. 


Ablation of Firn and Ice 


Measurements were made against dowels 
set in the firn at the central camp and along 
the seismic profile to the north. This procedure 
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Figures in parentheses indicate elevation; figures 
below are average ablation of ice in inches per day. 


yields inaccurate results for short periods, 
but for longer intervals the errors are not 
great, as indicated by a mean daily firn abla- 
tion of 2.6, 2.5, and 2.7 inches over an 18-day 
period at three stations along the seismic 
profile north of the central camp. Firn density 
was estimated at 0.5-0.55. Daily ablation at 
the central camp from 3-25 July, 1951, ranged 
from 1.5 to 3.5 inches of firn. The firn cover 
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became too thin and patchy for measurements 
after 25 July. 

Ablation of ice was determined at four 
stations near the central camp (Fig. 2). Meas- 
urements were made against 1-inch wooden 
dowels set 8-9 feet into the ice in snug drill 
holes. The average daily melt ranged from 1.4 
to 1.8 inches of ice (density about 0.89) from 
18 July to 27 August, 1951. Daily measure- 
ments on pole A-2 at the central camp ranged 
from 0.5 to 2 inches of ice. The data on Figure 
2 suggest a small decrease in ablation north- 
ward along the southern half of the line, but 
pole A-1 at the north end has the highest 
rather than the lowest rate. In 1949 ablation 
of ice at a point about 10 miles south of the 
central camp measured 2.6 inches per day 
for the corresponding part of the ablation 
season. This indicates a southward increase 
in ablation of roughly 0.12 inches of ice per 
mile per day, which agrees well with the 
gradient of 0.13 inches per mile between poles 
A-2 and A-3 but is only one-third that between 
poles A-2 and A-4. The weak ablation gradient 
on the Malaspina can be outweighed by local 
conditions such as direction of exposure, 
air and water drainage, and nature of the 
ice. The total ice melt for the ablation season 
of 1951 at the central camp was 85 inches. 

The impression that ice wastes more rapidly 
than firn on Malaspina Glacier is confirmed 
by direct measurements at two locations near 
the central camp, only 365 feet apart, for 
the same time interval. From 18-25 July, 
ice melted 1.3 times more rapidly than firn, 
compared on a_ water-equivalent basis. A 
comparison of records from station 1 and pole 
A-1, 1.1 miles to the north (Fig. 2), shows that 
ice at A-1 melted 1.8 times more rapidly than 
firn at station 1. The lower wastage rate on 
firn is probably due for the most part to its 
greater albedo. 


Comparison of Firn Ablation on Malaspina and 
Upper Seward Glaciers 


Data obtained on upper Seward Glacier by 
G. Hattersley-Smith, indicate that the abla- 
tion of firn on Malaspina Glacier at 1370 
feet was 2.5 times greater than on upper 
Seward Glacier at 5875 feet for the period 
6-14 July, 1951. This difference is surprisingly 
large in view of the intense direct radiation 
and warmer daytime temperatures of the 


upper Seward environment. The mean max- 
temperatures for the 


imum and minimum 
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period were 28°F. and 53°F. on the upper 
Seward and 33°F. and 47°F. on the Malaspina. 
Subfreezing temperatures were attained every 
night during the observation period on the 
upper Seward but only once on the Malaspina. 
Each night the upper Seward firn developed 
a frozen crust which retarded ablation the 
next morning. Furthermore, since freezing 
did not usually occur at night on the Malaspina, 
some melting continued through the night, 
giving a longer diurnal ablation period. As 
much as 1 inch of night-time firn ablation 
was measured at the central camp between 
8 p.m. and 8 a.m. Probably the most important 
factor producing greater ablation on the 
Malaspina is the prevailing gravity wind 
which promotes melting by conduction and 
condensation. The upper Seward by contrast 
is nearly windless except in times of storm. 


Summary of Ablation Relationships 
on Malaspina Glacier 


The greatest ablation on central Malaspina 
Glacier occurred on warm clear days with a 
steady gravity wind and on days of heavy 
rain, possibly because of condensation at the 
ice-air interface. Clear weather and wind 
seem more important than high air temper- 
ature. Ablation decreased with cloudiness 
and fog, but these were also times of reduced 
wind. Ablation continued at a reduced rate 
during the night if air temperature did not 
fall to freezing; usually some wind continued 
into the night. Ice melted about 1.5 time 
more rapidly than firn on the Malaspina 
and firn on the Malaspina melted about 25 
times more rapidly than firn on the uppe! 
Seward Glacier. 


Regimen of the Malaspina-Seward 
Glacier System 


Estimates of the regimen of the Malaspine- 
Seward system were previously made {ot 
budget years 1947/48 and 1948/49 (Sharp 
1951, p. 742). An extension of these estimate 
for the interval from 1945 to 1954 is attempte 
on the basis of additional information (Table 
1). ; 

The estimates (Table 1) suggest that thi 
glacier system experienced marked deficit 
in 6 out of 9 budget years prior to 1954/5 
In 1948/49 it had a surplus, in 1951/52 # 
approximate balance, and in 1952/53 perhap 
a slightly negative regimen. Data are limited 
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and the estimates are approximations indica- When the central Malaspina camp site 
tive only of general trends. was revisited in middle August, 1952, 43 
Accumulation measurements on upper inches of snow covered the ice. Since this 
Seward Glacier (Sharp, 1951, p. 742) suggest snow mantle probably survived the ablation 
that 1945/46 was a modestly unfavorable season, no melting of ice occurred in 1952 
year and 1946/47 distinctly unfavorable. at this location, and wastage on the Malaspina 


TABLE 1.—ITEMS OF MALASPINA-SEWARD REGIMEN AND BUDGET-YEAR PRECIPITATION AT 
YAKUTAT 


Precipitation at 


Accumulation surplus Wastage in cubic inches | Estimated budget balance Yakutat in inches Departure from 


Budget year in —— of of water | in cubic inches of water Soames pont a 
1945/46 8.7 X 108 | ? | Modestly negative 112.30 {| —21.85 
1946/47 | 4.9 X 10% ? Strongly negative | 139.68 | +5.53 
1947/48 Va 28.9 * 108 | —21.4 X 10" 137.72 +3.57 
1948/49 19.0 X 108 | 10.0 X 108 | +9.0 X 10" 162.19 | +28.04 
1949/50 | 3.2 to 4.4 X 10" | High | —25 to —30 X 10" 106.61 | 27.54 
1950/51 2.0% 1" | 32.0 X 10% —30 X 10% 83.39 |  —50.76 
1951/52 | Slightly below | Considerably be- | About balanced 100.88 —33.27 
normal? low normal? | 

1952/53 | Near normal? Above normal? Slightly negative? | 123.02 —11.13 

| 89.60 | —44.55 


1953/54 | Below normal? Above normal? Strongly negative? 





*1 cubic inch is the equivalent of 0.395 X 10~ cubic miles or 4.33 X 107% gallons. 


Details concerning 1947/48 and 1948/49 have was below normal. Nothing is known about 
already been presented (Sharp, 1951). In accumulation on upper Seward Glacier for 
1949/50 accumulation surplus in the nourish- 1951/52, but Yakutat weather records show 
ment area was one-third to one-half the a precipitation about 33 inches below normal. 
average, and the lack of older firn beneath However,: budget year 1951/52 may have 
the snow at the Malaspina central camp in been about balanced, primarily because of 
1951 means that wastage for the 1950 abla- reduced wastage. 


tion season must have been normal or above. In mid-August of both 1953 and 1954 the 
Yakutat weather records show 28 inches central Malaspina camp site was bare of 
below average precipitation for 1949/50. snow, and observations from the air showed 


the firn limit to be far back on the Malaspina 
in both years. Wastage for these years was 
normal or above, and Yakutat weather records 
show a deficiency from average precipitation 
of 11 inches for 1952/53 and 45 inches for 
near the end of the ablation season was far rd - Connequentty : a ool peohelly 
up the Seward Glacier at an elevation near REE Se Ce, SNE Sees © eee 
4000 { : hin one, primarily because of insufficient precipi- 
0 ieet. Records of ablation on upper Seward tation. 

Glacier during the summer of 1951 do not The magnitude of fluctuation in supply 
suggest excessively rapid ablation, and the and wastage from year to year in the Seward- 
*xcessive wastage on Malaspina Glacier re- Malaspina system is large. Within the period 
sulted more from early disappearance of an 1947/48 to 1950/51 a sixfold variation of 
exceptionally thin snow cover than from high surplus occurred in the accumulation area, 
rates of melting. The impression that the and a threefold variation of deficit occurred 
Unfavorable budgetary balance of 1950/51 in the wastage area. It is clear (Table 1) that 
was due mostly to reduced precipitation is precipitation has a strong influence on budget- 
confirmed by Yakutat weather records, which ary relationships, for years of marked deficit 
show a deficiency of 51 inches for 1950/51. had exceptionally low precipitation, and the 


The year 1950/51 was even more unfavor- 
able. Accumulation surplus on the upper 
Seward Glacier was less than one-third the 
average of recent years, and wastage on the 
Malaspina was far above normal. Firn limit 
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only year with a demonstrated surplus (1948/ 
49) had abnormally high precipitation. The 
snow-rain ratio is also significant, not only 
with respect to nourishment in the accumula- 
tion area, but because snow forms a protective 
blanket which reduces ablation of ice in the 
wastage area. Unfortunately, the snow-rain 
ratio for Yakutat, elevation 28 feet, cannot 
be satisfactorily extrapolated to Malaspina 
Glacier, elevation 75-2500 feet, or to its 
accumulation area, elevation 2500-19,850 feet. 
Variations in this ratio may account for the 
fact that years such as 1946/47 and 1947/48 
with favorable precipitation totals showed 
marked budgetary deficits, and that year 
1951/52 was about balanced although deficient 
in precipitation. 


NATURE AND ORIGIN OF THE MALASPINA 
GLACIER BASIN 


Introductory Statement 


The margin of Malaspina Glacier is every- 
where a little above sea level, but seismic 
reflections show that its bottom near the 
center is at least 825 feet! below the sea (Fig. 
3). The ice lies in a closed basin that may 
have been created by erosion, by deposition, 
or by both, with possibly a slight contribution 
from isostatic depression. The speculative 
conclusion is reached that this basin has been 
created about two-thirds by peripheral deposi- 
tion and about one-third by erosion. This 
conclusion bears on the nature and origin of 
the southern Alaska coastal foreland and 
the genesis of other depressions and indenta- 
tions within it. 


Geological Relationships 


Exposures of bedrock are not known any- 
where around the outer margin of Malaspina 
Glacier between Chaix Hills (Fig. 1) on the 
northwest and Floral Hills on the northeast 
(Plafker and Miller, 1957a). Bedrock exposures 
are also lacking within the Yakutat foreland 
east of Yakutat Bay except in close proximity 
to the mountains (Tarr and Butler, 1909, 
P|. 37). In so far as can be judged from surface 
exposures, the rim of the Malaspina basin 
from Chaix to Floral hills consists of uncon- 
solidated debris. 


1 The figure of more than 700 feet earlier cited 
by Allen and Smith (1953, p. 757) referred only to 
the central part of the seismic profile. 
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FicuRE 3.—Cross SECTION OF MALASPINA GLACIER ALONG GEOPHYSICAL PROFILE 


Nature of material between base of ice and rock is not known, but it may be till or other similar unconsolidated debris. 








Ee 
coast 
in it 
of tl 
the 
Yak 
and 
ment 
for \ 

Ju 
forel: 
nary 
eoliay 
(Blac 
p. 97 
1914 
been 
to tl 
const 
activ 
and 
Mart 
p. 7) 





LO 


Nature of material between base of ice and rock is not known, but it may be till or other similar unconsolidated debris 











NATURE AND ORIGIN OF MALASPINA GLACIER BASIN 


Seismic explorations (Allen and Smith, 
1953, p. 755, 758) suggest that consolidated 
sedimentary rocks, probably of the Yakataga 
Formation or the Yakutat Group (D. J. 
Mille, 1957; Plafker and Miller, 1957a), 
underlie the central part of Malaspina Glacier. 
The seismic records, however, do not indicate 
whether the material immediately under the 
ice is bedrock or unconsolidated debris. For 
this reason the amount of bedrock closure, 
if any, remains undetermined. Much of the 
cosure is probably within unconsolidated 
deposits, because seismic refraction work 
just outside the southeastern margin of the 
glacier in the vicinity of Fotney Stream (Fig. 
1) shows unconsolidated debris in excess of 
500 feet thick (Allen and Smith, 1953, p. 
759-760). 

This does not necessarily mean that the 
basin has been created principally by deposi- 
tin. The Malaspina Glacier might have 
gouged out a depression within unconsolidated 
deposits composing a flat foreland like that 
east of Yakutat Bay (Blackwelder, 1909, p. 
461). During its latest major advance, 200 + 
50 years ago, the ice overrode hillocks of till 
100-200 feet above sea level in its southeastern- 
most part (Sharp, 1958). This suggests basin 
erosion, but it is not a strong point, owing to 
the peripheral position of the hillocks. 


Yakutat Foreland and Yakutat Bay 


East of Yakutat Bay is a low featureless 
coastal plain, the Yakutat foreland, extending 
in its widest part from the abrupt linear base 
of the mountains to the ocean 17 miles to 
the south. The corresponding area west of 
Yakutat Bay is occupied by Malaspina Glacier, 
and the shore lines of these two foreland seg- 
ments form a straight-line continuation except 
for Yakutat Bay. 

Judging from shallow exposures the Yakutat 
foreland is composed of unconsolidated Quater- 
nary materials including till, outwash, fluvial, 
eolian, lagoonal, and shore-line accumulations 
(Blackwelder, 1909; Tarr and Butler, 1909, 
p. 97-99; Gilbert, 1910, p. 46; Tarr and Martin, 
1914, p. 25-26). Much of this material has 
been supplied by glaciers from the mountains 
to the north, and the foreland was probably 
constructed at times when these glaciers were 
active and occupied advanced positions (Tarr 
and Butler, 1909, p. 29, 98-99; Tarr and 
Martin, 1914, p. 25; Plafker and Miller, 1957b, 
P. 7). Two of the largest of these ice bodies 
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were the Malaspina and the glacier in Yakutat 
Bay. Yakutat Bay is both a _planimetric 
embayment of the foreland and a basin within 
it (Fig. 4). It was probably formed in much 
the same manner as the basin under Malaspina 
Glacier, so a study of its characteristics should 
be helpful. 

A crescent-shaped boulder-strewn rocky 
submarine ridge only 38-96 feet beneath the 
water surface at the mouth of Yakutat Bay 
has been interpreted as an end moraine (Tarr 
and Butler, 1909, p. 107; Tarr and Martin, 
1914, p. 223). The east limb of this moraine 
extends northward along the east side of 
Yakutat Bay from Ocean Cape past Yakutat 
village. The corresponding west limb is shown 
passing under the Malaspina Glacier (Plafker 
and Miller, 1957b, map), and the hillocks of 
till now exposed by local deglaciation in the 
southeasternmost part of Malaspina Glacier 
(Sharp, 1958) are probably part of this morai- 
nal ridge. Inside the end moraine, the water 
of Yakutat Bay attains a maximum depth 
of more than 1000 feet near Point Latouche 
(Fig. 4), and topographic closure on the bay 
floor is 900 feet. The basin beneath Malaspina 
Glacier is probably at least as deep, for the 
seismic explorations most likely did not probe 
the lowest point. The impression that Yakutat 
Bay was created by the building up of the 
Yakutat foreland while the bay site was 
occupied -by ice (Tarr and Martin, 1914, p. 
26) arises partly from the extensive outwash 
plain east of the moraine along the east side 
of the bay. Similar relationships, but with the 
depression now occupied by a lake, have been 
described from glaciated parts of central 
United States (Leverett, 1929, p. 27; 1932, 
p. 73). 

Before accepting the basin occupied by 
Yakutat Bay as solely the product of deposi- 
tion, the possibility of glacial erosion should 
be considered. Yakutat Bay passes northward 
into Disenchantment Bay, a narrow _bed- 
rock fiord penetrating the mountains. The floor 
of this fiord, well within the mountains, is 
700-900 feet below sea level. Either it has 
been deeply excavated, or considerable recent 
submergence has occurred. Lack of inde- 
pendent evidence for submergence of this 
magnitude favors glacial excavation. The possi- 
bility that Yakutat Bay, too, may have been 
subjected to erosion is supported by the 1000- 
foot depth a scant 3 miles beyond the mountain 
front. 

The relationships in Yakutat Bay suggest 





626 


R. P. SHARP—MALASPINA GLACIER, 


ALASKA 


































° 5 10 15 
= Miles 
A 
Soundings in feet 
| 
_ ez 
= t 276 R336 \ | 
} SZ ww ) eo! \ eK | 
NZ — { B® eaaenke is \ wl 
Ce Ap \~ /720 f \ \ 
AF bz ) 4 4% \ 
VEZ Pat ra0 \ 
/ AAa=— enc® 936 900 “4 
'), GOLy oe 
IA Lucia 7, yOO:  aa8 | 
‘SS hy <“Glacier4/ Pt Latouche 
SD Mee. ute 630 | 
Af Yip ae J 372 oe | 
ah ee Zu yyy A of 234 «(882 
i V1 fyi, 4 654 642 | 
atl | Set age LLG, “by fp yf we % 
| =< a LLY Voth yf 336 59 
-— 44 d, 7 te 
G Z 
| 
A | 
, 
| 
| 
| 
| 
wsikia 





FicurE 4.—Map or Yakutat Bay HyproGrapuic RELATIONSHIPS 


Water depth in feet, adapted from U. S. Hydrographic Office Chart and U. S. Geological Survey Yaku 


tat, Alaska map (1:250,000). 


that the Malaspina basin may be as much as 
1000 feet deep and that much of the closure 
can be due to deposition, although some con- 
tribution from erosion is possible or even 
likely. 


Offshore Relationships 


The continental shelf extends at least 50 
miles beyond the present shore line in the 


vicinity of Malaspina Glacier. The depth 0 
water over this shelf is about 600 feet (Fig. 5 
except for a shallow valley extending eastwar' 
to a point off the mouth of Yakutat Bay. 4 
wholly depositional origin for the Yakutat 
Bay and Malaspina basins, with depths 0 
900-1000 feet, would mean that the sea floor 
was originally at least this deep and that 
layer of material 300-400 feet thick was spreat 
across the 50-mile width of the present cont 
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nental shelf. This seems unlikely and is one 
of the stronger arguments for some erosion 
in these basins. 


Origin of Malaspina Glacier Basin 


It is suggested that the basin beneath 
Malaspina Glacier, with a closure of 825-1000 
feet below sea level, has been created about 
two-thirds by peripheral deposition and about 
one-third by erosion. In support of this, the 
following points are listed: 

(1) The south face of the St. Elias Moun- 
tains is probably a fault scarp, and the initial 
depth of water offshore could have been 
sufficient for the basin to have been created 
for the most part by deposition. 

(2) The Yakutat foreland has been built 
up at least in part of debris derived from 
glaciers at a time when they lay in advanced 
positions. Since areas occupied by glacier ice 
were the sites of relatively little deposition, 
they were left as depressions within the fore- 
land when the ice receded. 

(3) Surficially, the entire outer rim of the 
Malaspina basin consists of unconsolidated 
material, and seismic refractions indicate a 
thickness of unconsolidated debris in excess 
of 500 feet at the southeastern edge of the 
ice. 

(4) No part of the Malaspina-basin closure 
is known to be in bedrock. 

(5) Tne bedrock under the Malaspina 
Glacier is sedimentary, probably of the Yak- 
ataga and Kulthieth formations and _ the 
Yakutat Group (Plafker and Miller, 1957a). 
If the basin were wholly an erosional feature 
in these formations, considerable rock debris 
irom them would be expected in the peripheral 
deposits. The debris on, in, and at the margin 
of the present Malaspina Glacier consists 
almost wholly of crystalline metamorphic 
and igneous rocks from the higher parts of 
the St. Elias Mountains. Therefore extensive 
erosion of the sedimentary formations named 
seems unlikely. This argument has less weight 
if the basin has been eroded out of foreland 
sediments, or if it has been created by erosion 
at an earlier stage of glaciation. 

(6) The gradient on the sea floor in the first 
10 miles off the Malaspina Glacier is 60 feet 
per mile. The remaining 40 miles of the con- 
linental shelf are relatively flat. If sea level 
were lowered 600 feet, and the Malaspina 
Glacier removed, one would see around the 
outer margin of its basin a broad embankment 
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rising 600-700 feet above the continental 
shelf (Fig. 5). The basin has at least 100 and 
possibly 400 feet additional closure. Unless 
the mantle of deposits laid down on the flat 
part of the continental shelf farther offshore 
is of similar thickness, which seems unlikely, 
100-400 feet has been glacially excavated. 
Neither the Malaspina basin nor Yakutat 
Bay need have been created solely by a single 
glacial advance. No evidence has been found, 
however, for an expansion of the Malaspina to 
a position much beyond the maximum of its 
last advance, 200 years ago. Patches of till 
a mile or so beyond the southeastern and 
southwestern margins of the glacier may have 
been laid down by glaciers occupying Yakutat 
and Icy bays (Plafker and Miller, 1957b, 
map). Glacial-marine deposits in the Gulf of 
Alaska are attributed to debris dropped from 
floating ice and do not require a great expan- 
sion of land-borne ice (Menard, 1953, p. 1282). 
Capps (1931, p. 4) is inclined to think that 
the glaciers along the south coast of Alaska 
pushed far out to sea, but the evidence is not 
strong, and Flint (1947, p. 223) gives reasons 
for doubt. In the Malaspina area there is no 
good firsthand evidence indicating that any 
of the glaciers pushed very far beyond the 
present shore line (Plafker and Miller, 1957b). 


STRUCTURAL FEATURES IN MALASPINA GLACIER 
Introductory Statement 


The larger geometric relationships and some 
of the major structures of the Malaspina are 
simple. Much of the ice, however, has traveled 
50-60 miles along an irregular and in part 
narrowly confined course before spreading 
into an unconfined piedmont sheet, so it is 
not suprising that the structural details are 
complex. Structural observations were made 
principally along the geophysical profile 
through the central camp and along the route 
between central camp and Delta Lake. Supple- 
mentary information was obtained from 
numerous air flights over the glacier and from 
vertical air photographs. Much of the informa- 
tion available from air photos is presented 
on the recent map of Plafker and Miller 
(1957b). Attention is given to crevasses and 
associated joints, foliation, crystal orientation, 
and complexly folded ice streams and morainal 
septa. Radial crevasses, joints, foliation, and 
folds are probably related products of a single 
stress system. 


R. P. SHARP—MALASPINA GLACIER, ALASKA 


Crevasses and Joints 


The crevasses of Malaspina Glacier ar 
principally of two sets, radial and transverse. 
with respect to the inferred direction of floy 
All are essentially vertical, none is especial 
deep (60-70 feet), overly wide (1-10 feet 
nor particularly long (most are a few hundred 
yards). 

Radial crevasses are widely distribute) 
and generally consistent in trend, size, an 
arrangement. They are more numerous an 
wider over swells and steep reaches. The 
trend approximately normal to the lobat 
border of the ice sheet and converge towari 
the mouth of Seward Glacier. They strik 
essentially perpendicular to the trace of th 
axial planes of folds (Pl. 2, fig. 2) and to th 
foliation (Fig. 6). Radial crevasses have : 
strong échelon habit, and the narrowing ¢ 
one crevasse is usually accompanied by th 
widening of one or more of its neighbors 
The orientation and arrangement of radi 
crevasses suggest that they are related to the 
spreading out of the ice onto the coastal fore. 
land. 

Transverse crevasses are localized to swelk 
and steep reaches of the ice surface which 
presumably reflect irregularities in the sub- 
glacial floor. They usually intersect the radid 
set at a high angle. An impulse of renewe! 
activity, first observed in the summer of 1954 
created many new, sharp-edged, smoot 
walled transverse crevasses, especially ove: 
swells on the ice surface. 

At many localities two sets of tight joint 
were observed. They strike at about 90°! 
each other, with vertical to steep northwar 
dip. In places, the radial crevasses biset 
the angle between the joint sets, but elsewher 
the bisectrix is rotated as much as 40° cloc- 
wise from the radia] crevasses. The geometri 
relationships of joints, radial crevasses, an 
foliation at a number of localities are show 
in Figure 6. These joints look like shear planes 
and small lateral offsets have been observe 
along some. They are not always equall 
developed, and in places only one set wa 
observed. If the radial crevasses are the 
product of transverse spreading, and the 
strike of the foliation is at right angles toa 
compression, then it follows that the joints 
are probably shear planes related to a near 


surface stress pattern in which the inter 
mediate stress axis is perpendicular ! 
the glacier surface. Clockwise rotation @ 
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FIGURE 6.—CREVASSE, FOLIATION, AND JOINT RELATIONSHIPS ALONG GEOPHYSICAL PROFILE 


the joints with respect to the radial cre- 
vasses is puzzling. Possibly one of these 
Structures formed earlier than the other, 


and the apparent rotation is due to a local 
change of stress orientation as the ice moved 
forward. 
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Foliation foliation is produced by shearing, it should 
; ; : : be expected to have a classical relationship 
In spite of considerable study during the to the axes of principal stress. The foliation 
past century, the origin of foliation in glacier plane should strike parallel to the intermediate 
ice is not yet well understood. The mechanism stress, and make an angle of roughly 4§ 
by which alternate layers of whitish and bluish with the greatest compressive stress. The atti. 
ice are formed, the place and depth at which tude of foliation planes near the center of 
this structure originates, its relationship to Malaspina Glacier requires that the greatest 
the stress system, and its significance with compressive stress be directed toward the 
respect to mode and mechanism of glacier surface at an angle of 30°-40°. Since the prin. 
flow remain unsettled. Data on foliation ob- cipal stresses cannot have this orientation at 
tained from the Malaspina may contribute the surface, the foliation would have to form 
to an eventual solution of these problems. at depth within the glacier. ‘This is possible 
Glacier foliation is generally regarded as the pyt the steep inclination required for the 
product of shearing along discrete planes, greatest compressive stress makes one look 
accompanied by or followed by recrystalliza- {or other relationships or explanations. 
tion (Perutz and Seligman, 1939, p. 355-357; The radial crevasses indicate extension in 
Drygalski and Machatschek, 1942, p. 123-129). the surface ice in a direction parallel to the 
The trace of foliation planes on the surface strike of the foliation. A similar extension 
of Malaspina Glacier is conformable with the must occur at depth in the glacier, but it is 
bulbous outline of the lobe. In the central produced by some other mechanism, for the 
camp area, for at least 5 miles to the north, crevasses are scarcely 100 feet deep. Extension 
and for a mile or two to the south, the dip at depth may occur by a sort of plastic yielding 
is 75°-85° north. Along a line from the central or flow involving slippage along a series of 
camp to Delta Lake it decreases gradually to ¢losely spaced parallel planes which now appear 
about 45° near the edge. The lower dip in the on the surface as foliation. Their strike would 
marginal zone is consistent with observations pe essentially at right angles to the direction 
of foliation in other glaciers and with infer- of maximum compression, and the original 
ences concerning its general attitude, but the pearly vertical, dip could have been reduced 
steep dips of 75°-85° near and northward from tg _75°-85° by rotation during flow as would 
the central camp are puzzling. be expected from the known vertical velocity 
Foliation with steep dips in some cirque distribution (Fig. 13). The gentler dips near 
and valley glaciers is attributed to rotation the glacier’s margin may indicate still more 
(Lewis, 1956, p. 696) or remains unexplained rotation and the increasing influence of drag 
(Untersteiner, 1954, p. 234-235). Sufficient on the subglacial floor. 
rotation in the right direction to give steep 


dips seems out of the question for the Mal- Crystal Size 
aspina Glacier. The maintenance of surface 
profile and elevation in the ablation area The size of crystals in stagnant ice near the 


requires surfaceward movement of ice. Some edge of Malaspina Glacier has been investigated 
investigators think foliation is due to shearing in considerable detail by Bader (1951, Pp 
related to such surfaceward movement. If 523-526), who demonstrated that the inter 


Pirate 1.—MARGINAL ZONES OF MALASPINA GLACIER 


FicurE 1.—Stagnant ice near Malaspina margin. Ablation debris on surface supports dense growth of 
alders, 1949. 
Ficure 2.—Coarse ablation debris on stagnant marginal ice of Malaspina Glacier, 1948. 
Figure 3.—Slip displacement of moraines at fold apexes, east edge of Seward Glacier lobe of the Mal- 


aspina, 1951, air photo. 
Pirate 2.—DEFORMED MORAINES AND ICE STREAMS IN MALASPINA GLACIER 


FicurE 1.—Structures in west part of Malaspina lobe supplied by Seward Glacier. Agassiz Glacier and 
Mount St. Elias in background. Air photo by U. S. Coast Guard, 1953. 

Ficure 2.—Structures near east margin of lobe of Malaspina Glacier fed by Seward Glacier, whic 
debouches from upper left. Radial crevasses about perpendicular to traces of axial planes of folds. At 
photo by U. S. Coast Guard, 1953. 
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crystalline relationships are complex and that 
individual crystals may attain a length of 
several feet. Crystal size increases gradually 
from an estimated mean of about 2!% inches 
at the central camp to about 6 inches at the 
glacier’s margin (Pl. 4, fig. 1). The increase 
is not regular, and marked variations were 
noted between individual streams. For example, 
about 4 miles from the southeast margin is a 
band of clean ice composed almost entirely 
of crystals 6-9 inches in diameter. Something 
in the constitution or past history of this 
particular ice endowed it with an ability to 
develop uniformly large crystals. Since the 
crystals are larger than in the neighboring 
ice streams, the difference must be related 
to some aspect of the environment back in 
the mountains, although the large crystals 
probably developed after the ice became part 
of the Malaspina. This stream cannot be 
traced to its source, so the conditions favoring 
development of large crystals remain unde- 
termined. 


Crystal Fabrics 


Orientation of crystals has been investigated 
near the margin of Malaspina Glacier (Bader, 
1951, p. 526-535) and more extensively near 
the central camp by Rigsby, who will make 
an independent report. Malaspina ice shows 
relatively strong fabric patterns (Fig. 10) 
similar to, but not as strong as, those previously 
recorded from the Emmons Glacier (Rigsby, 
1951, p. 594-597). They are stronger than the 
patterns of the upper Saskatchewan Glacier 
and about comparable to the best in the lower 
part of the Saskatchewan (Meier, Rigsby, 
and Sharp, 1954, p. 21-24). On the Malaspina 
the pole to the foliation plane lies off the center 
of the pattern defined by the maxima. The 
patterns show no consistent relationship to 
any megascopic structure in the ice, so that 
they may be the product of near-surface 
recrystallization and, therefore, need bear 








only a second-order relationship to flow deeper 
within the glacier. 


Folded Structures Within Malaspina Glacier 


Introduction.—In a dry year, when the snow 
cover on Malaspina Glacier has been removed 
by ablation, an extensive system of complex 
folds is visible (Pls. 1-4). Although these 
structures look like plunging anticlines and 
synclines truncated by erosion, they are not 
properly described as such, because they 
involve individual ice streams and intervening 
morainal septa lying side by side. The contact 
surfaces between ice streams and moraines 
were steeply inclined before deformation, 
and there is no systematic age relationship 
among them as in a sequence of sedimentary 
layers. 

Early explorers observed the Malaspina 
folds from high points in the mountains to 
the north, and Tarr and Martin (1914, p. 
204) noted that “‘a determining of their nature 
would be a matter of great interest.’”? Wash- 
burn (1935, p. 1881-1882) photographed the 
folds from the air and attributed them to 
spasmodic variations in volume of the many 
tributary ice streams in the Seward-Malaspina 
system. The interpretation arrived at herein 
is that they are not inherited from higher in 
the system but developed within the Malaspina 
as it spread out on the flat coastal foreland. 
Attention is confined to that part of the Mal- 
aspina fed by Seward Glacier. 

Constitution of lower Seward Glacier.— 
Before dealing with the Malaspina folds, it 
is necessary to consider the constitution of 
lower Seward Glacier at the point of debouch- 
ment. Upper Seward Glacier gathers most of 
its substance in a large intermontane basin 
in the heart of the St. Elias Range. The slopes 
and canyons surrounding this basin and 
discharging into it provide a_ basal layer 
(Fig. 7, A) upon which the snow layers that 
accumulate in the basin are laid (Fig. 7, B). 


PraTE 3.—STRUCTURES IN CENTRAL MALASPINA GLACIER 


FicurE 1.—Folds in southeast central part of Malaspina Glacier viewed west-southwest. Dark bands 


are medial moraines, 1951, air photo. 


Ficure 2.—Folds a little south of central part of Malaspina Glacier, viewed westward. Darker bands 
are, for the most part, fine surface silt of Part B (Fig. 8), 1951, air photo. 


PLaTtE 4.—MALASPINA ICE CRYSTALS AND PHOTO MOSAIC 


FicureE 1.—Ice crystals separated by melting near outer edge of Malaspina Glacier. 
FicurE 2.—Composite air-photo mosaic of Malaspina Glacier, 1948. Considerable snow on glacier. 


U.S. Navy photos. 
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The basal layer consists of many individual 
ice streams separated by medial moraines, 
and, judging from the area of accumulation, 
it composes about one-third by volume of 
the upper Seward Glacier. The sedimentary 
accumulation of the basin is faintly stratified 
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parts of the{Malaspina in about the relation- 
ships sketched in Figure 8. 

The medial moraines of A and D constitute 
the prominent debris bands in the peripheral 
zone of the Malaspina (PI. 3, fig. 1). Some of 
these morainal septa may exist in an inset 



































FiGURE 7.—CONSTITUTION OF LOWER SEWARD GLACIER 


A—Ice streams and moraines tributary to upper Seward basin; B—ice formed by direct accumulation in 
upper Seward basin; C—sedimentary ice and firn accumulated directly upon lower Seward Glacier; D—ice 
streams and moraines tributary to lower Seward Glacier. 


and includes some thin septa of dirty ice 
containing debris derived from the flanks 
of nunataks. At the outlet of upper Seward 
Glacier total ice thickness is estimated at 
3000-4000 feet, from seismic and gravity 
data farther back in the basin. Although the 
flow is funneled into a channel 3.5-4 miles 
wide at this point, the thickness probably 
does not increase much, since the discharge 
is accommodated by increased velocity gen- 
erated by a marked steepening of gradient. 
As the ice descends through lower Seward 
Glacier it undergoes much flow metamorphism, 
the ice streams of part A are probably greatly 
compressed, and the medial moraines between 
them become nearly vertical. The sedimentary 
layering of part B is masked and perhaps de- 
stroyed by recrystallization and by the forma- 
tion of secondary foliation. During this descent 
the ice is still above the firn limit, and it 
receives an additional coating of sedimentary 
snow and firn (Fig. 7, C). In addition, ice 
streams from canyons tributary to lower 


Seward Glacier make up a fourth part of the 
the Seward Glacier (Fig. 7, D). The medial 
moraines associated with these ice streams are 
the first to be uncovered by ablation and are 
the only ones visible on lower Seward Glacier. 
The four units, A-D (Fig. 7), compose distinct 


position (Sharp, 1948) rather than extending 
to the base of the glacier, but any such rela- 
tionship is obscured by the complexity of 
deformation. Most glaciers consist primarily 
of A, C, and D in the above scheme. The 
Malaspina is unusual in the large size of B, 
which originates in the huge intermontane 
basin of upper Seward Glacier. 

Debris bands on Malaspina Glacier.—The 
Malaspina folds are most clearly outlined by 
two types of debris bands. The more pron- 
inent bands are medial moraines that consist 
of surficial accumulations of coarse angular 
rock debris marking the debris-rich ice septs 
between individual ice streams. The litho 
logic constitution of most moraines is distinc 
tive, so they can be followed through the 
folds by an observer on foot; some are % 
distinctive that they can be traced even o 
air photographs. 

Moraines in the southern peripheral zont 
of the Malaspina are composed of crystalline 
rocks derived from far back in the St. Elias 
Mountains. Some consist largely of quartz 
diorite, and others are composed predominantly 
of one or more metamorphic rocks, some § 
distinctive that they can be used to identll) 
individual moraines. Although lithologic mx 
tures are found, these debris bands are 10 
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distinctively individual to represent debris 
sheared into the ice from a heterogeneous 
layer of ground moraine; they are truly medial 
moraines. Some of the outermost moraines 
on the northeast and northwest flanks should 
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A second type of dirty band outlining folds 
is less prominent and wholly surficial. It is 
best seen in the central part of the glacier 
(Fig. 8, B), where coarse debris is lacking. 
This type of band consists of accumulations 


LOWER SEWARD 


if GLACIER 






GLACIER 





ie} a 8 12 16 





Approximate scale in miles 


FicurE 8.—COMPONENT PARTS OF MALASPINA GLACIER 


A, B, C, and D represent units which correspond to those of lower Seward Glacier (shown in Figure 7). 


be composed of material derived from the 
Yakataga Formation and the Yakutat Group 
which are exposed in the foothills to the 
north. This has been confirmed by firsthand 
observation only at the northwest corner of 
the glacier (C. R. Allen, Personal communica- 
tion.) 

Because of burial by layer B (Figs. 7 and 
8), the medial moraines have been exposed 
by ablation only in a peripheral zone of the 
ice sheet 5-6 miles wide. In time, owing to 
insulation by debris, ice ridges up to 300 feet 
high develop along the traces of these outer- 
most moraines. With continued ablation the 
amount of rock material on the surface in- 
creases and spreads laterally, giving a debris 
band far wider than the underlying debris-rich 
lee septa. Eventually, adjacent morainal 
debris bands merge, obscuring the ice stream 
between them. This occurs within the outer- 
most 3 or 4 miles of the glacier (Pl. 1, fig. 2), 
and here the folded structures are not so 
easily discerned. 


of dark silt in little holes and depressions on 
the surface of the ice. The silt is mostly fine 
debris incorporated in snow of the accumula- 
tion area and released by subsequent melting 
of the ice, but it may include some material 
blown onto the surface of Malaspina Glacier 
from surrounding soil and rock areas. The 
ice under silt-covered areas contains no more 
of this debris than ice under clean areas. 
Since most of the silt-bearing depressions 
are breached air bubbles, bands of bubble-rich 
ice are discolored by silt washed off the smooth 
surface of bubble-free ice and trapped on the 
rough surface of bubble-rich ice. This type 
of debris band is not readily recognized unless 
previously identified from the air (Pl. 3, fig. 
2). The considerable width of these bands 
precludes the possibility that they represent 
the traces of original dirty strata inherited 
from the layers of the accumulation area. 
Description of folds——The terminology of 
wave forms is more suitable for describing 
these Malaspina structures than the termin- 
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ology ordinarily used for geological folds. 
The wave length of the structures ranges 
up to 3 miles, and the double amplitude 
attains a maximum of 20 miles. The peaks 
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on air photos only to a limited degree, owing 
to structural complexity, lack of strong dis. 
tinguishing characteristics of the moraines, 
and an obscuring snow cover. Some moraines 
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FIGURE 9.—DIAGRAM OF MALASPINA FOLDS 


As worked out from composite air-photo mosaic (PI. 4, fig. 2). 


of the waves range from rounded to sharp, 
and many are rendered jagged by superimposed 
small waves and offsets by shearing (PI. 1, 
fig. 3). The structures as exposed on the surface 
appear to be predominantly tight, isoclinal, 
and symmetrical (Fig. 9). Traces of the axial 
planes are bowed or bent into conformity 
with the bulbous outline of the ice lobe, and 
they are conformable with the foliation in 
strike (Fig. 10). Large neighboring folds 
are essentially harmonious, although minor 
plications within them are not (Fig. 9). 
Individual morainal bands can be traced 
through the folded structures as they appear 


have been traced through as many as 15 
separate waves, and one moraine would have 
a length of 115 miles if unfolded. The moraines 
do not join across the central part of the glacier, 
those on the east side being different from those 
on the west. This is consistent with the deduced 
constitution of the Malaspina Glacier. 

In tightly folded sections, the individual 
ice streams appear to be greatly thinned. 
In part, this is a mistaken impression created 
by lateral spreading of debris from medial 
moraines. However, some bands of ice n0W 
only one or two hundred feet across must 
represent valley glaciers originally many 
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Ficure 10.—StrructuraL Map oF A MAtaspiIna Fo.up 


Location is just northwest of the central camp. Fabric diagrams by G. P. Rigsby, structural mapping 


by D. R. Baker. 


times wider. Some thinning probably resulted 
irom squeezing within the lower Seward 
Glacier, but much of it occurs within the 
Malaspina. 

Origin of the folded structures —Evidence 
Suggests that the Malaspina folds are the 
product of deformation within this ice sheet 
4 It spreads out on the coastal foreland and 
are not inherited from higher in the system. 
This interpretation is best supported by the 
behavior of medial moraines visible on the 
Surlace on both sides of lower Seward Glacier 


just above the point of debouchment into 
the Malaspina. These moraines are unde- 
formed in the Seward Glacier and extend a 
mile or two into the Malaspina before be- 
coming involved in the typical fold patterns. 
They lie in that part of the Malaspina supplied 
by tributaries of lower Seward Glacier (Fig. 
7, D), but their folds conform with structures 
in ice supplied by other components of the 
Seward system. Although some of the moraines 
within A (Fig. 8) of the Malaspina may have 
been somewhat deformed before reaching 
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that glacier, the general conformity of struc- 
tures involving these moraines with the 
structures in B and D (Fig. 8) and with the 
general outlines of the ice lobe indicates that 
most of the deformation occurred within 
the Malaspina. 

Malaspina Glacier lies in a broad basin 
extending to at least 825 feet below sea level; 
judging from the depth of water in the Dis- 
enchantment Bay fiord, the floor of Malaspina 
basin may be well below sea level at the point 
of debouchment of lower Seward Glacier. 
This means that the ice not only spreads 
out radially but also moves uphill for much, 
if not all, of the 28 miles from the point of 
debouchment to the outer margin. The ability 
of a glacier to flow over a flat surface or up 
an opposing slope is dependent primarily 
upon the slope of the ice surface (Nye, 1952b, 
p. 91-92). To flow across such a terrain a 
glacier must not only possess a_ sufficient 
surface slope, but it must also maintain a 
thickness great enough to handle the discharge. 
Malaspina Glacier is faced with the conflicting 
tasks of spreading out, which tends to produce 
thinness, and of developing or maintaining 
sufficient surface slope and thickness to flow 
uphill. Two mechanisms could fulfill this 
dual task. The first involves surfaceward 
movement of ice along numerous slip surfaces, 
and the second involves folding of the ice 
streams in accordion fashion about steeply 
inclined axes. 

As the ice spread out into a lobe on the 
coastal foreland it could have maintained 
or even increased its surface slope and thick- 
ness by surfaceward displacement along con- 
centrically arranged inward-dipping slip planes, 
and the foliation now visible in the ice might 
be regarded as the product of such displace- 
ments. However, dip-slip displacements on 
such planes would produce little offset of the 
steep contacts between ice streams and 
morainal septa. Oblique- or strike-slip dis- 
placements would be more effective and more 
consistent with the lateral spreading of the 
ice. Some folds require at least 6 miles total 
offset of contacts by- slippage distributed 
over a width of about a quarter of a 
mile. The spacing of foliation planes in 
the ice is irregular, but about 1 per inch 
is a generous estimate. A strike-slip dis- 
placement of 2 inches on each foliation 
plane would be required to produce a 6-mile 
offset; this seems reasonable. Field observa- 
tions and photographs (Pl. 1, fig. 3) indicate 
some displacement of debris bands by dis- 


tributed slippage along planes conformable 
in strike at least with the foliation. Although 
the Malaspina folds may have been produced 
entirely by this mechanism, it is just as likely 
that they were formed mostly by flowage 
with only minor modification through slippage, 
Evidence is not sufficient to permit a choice 
between these alternatives. The more puzzling 
problem is the cause for and the stresses 
related to the genesis of the individual folds 
whether formed by flowage or slippage. 

The ice folded up in accordion fashion a 
it moved across the foreland. This was prob- 
ably due to a combination of resistance t 
outward flow offered by the uphill slope of 
the glacier floor and by the push from behind 
provided by the outpouring of ice from lower 
Seward Glacier. Individual folds formed in 
zones where the yielding to one side froma 
radial flow line was especially easy or was 
favored by some earlier minor flexing. This 
lateral yielding was part of the process of 
spreading out into a sheet. The folds became 
larger, more complex, and tighter as the pro- 
cess continued (Fig. 11). The trace of the axial 
planes came to lie normal to the direction 
of flow and conformably with the outlines of 
the ice lobe. The increased tightness of folding 
and the elongation parallel to axial planes 
caused thinning of the individual ice streams 
No single morainal septa should extend around 
the entire periphery of the present ice lobe, 
and indeed the moraines on opposite sides 
of the lobe cannot be traced continuously 
from one side to the other. 

All of the above may be correct, but they 
do not account for the formation of the in 
dividual folds. The evidence is good that 
they were formed within the Malaspina, and 
although they may be related to variations 
of or irregularities in the movement of that 
body, it is not clear just what these were. 


RESURGENT ACTIVITY WITHIN 
MALASPINA GLACIER 


The broad marginal zone of stagnant ict 
in the Malaspina Glacier indicates waning 
activity, which is consistent with the known 
negative regimen. Therefore, the unmistakable 
signs of renewed activity extending well ou! 
toward the borders of this glacier, as fits 
observed in the summer of 1954, came as 4 
considerable surprise. The resurgence may 
have been underway prior to 1954 in parts 
of the glacier closer to the mountains, an 
it was continuing in 1955 (C. R. Allen, Per 
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RESURGENT ACTIVITY WITHIN MALASPINA GLACIER 


sonal communication). J. H. Hartshorn 
(Personal communication) observed renewed 
activity in formerly stagnant ice close to the 
south edge of the Malaspina in the summer 
of 1956. 

The following evidence of resurgent activity 
was noted in 1954: 

(1) A marked increase in the number and 
the size of crevasses between August 1953 and 
August 1954 made areas of ice between Delta 
Lake and central camp, which had been tra- 
versed easily on foot, impassable. Old crevasses 
were much larger than at any time since 1948. 
New transverse crevasses with smooth vertical 
walls and sharp unmelted edges formed. 
Changes in crevasses occurred in many places 
over the glacier’s surface, but they were par- 
ticularly marked on the crests of swells. 

(2) The topographic relief on the glacier’s 
surface as expressed by swales and swells 
seemed greater in 1954 than in 1953. This is a 
subjective impression unconfirmed by actual 
measurements. 

(3) Noises from the cracking of ice and the 
falling of blocks in crevasses were common in 
the summer of 1954, whereas in earlier years 
most of the noises from the glacier were made 
by water pouring into moulins or crevasses. 

(4) Breaking of the pipe at a depth of 300 
feet in the borehole at the central camp be- 
tween the summers of 1953 and 1954 was 
probably caused by this renewed activity. 

Since these surface manifestations of the 
resurgence developed at many widely sepa- 
rated places on the glacier in the relatively 
short time of 12 months, a surge must have 
been moving rapidly through this glacier. Surges 
observed in valley glaciers (Finsterwalder, 
1937, p. 99; Perutz, 1947, p. 49; Klebelsberg, 
1948, p. 87-88; Deeley and Parr, 1914, p. 165- 
166; Hess, 1933, p. 94-95; Harrison, 1951, p. 
10-11; 1956, p. 675-676) travel with speeds 
of 700-10,000 feet per year. They can be caused 
by a sudden increase in accumulation arising 
from favorable meteorological conditions or 
from abnormal events, such as earthquakes, 
which shake snow off of surrounding slopes 
(Tarr, 1907, p. 282; Tarr and Martin, 1914, 
p. 168-172, 185). Budget year 1948/49 is 
known to have been exceptionally favorable 
for the Seward-Malaspina system. However, 
the average velocity of surges arising from the 
1899 Yakutat Bay earthquake in valley glaciers 
of this area was about 1.75 miles per year 
(Tarr and Martin, 1914, p. 172). At this ve- 
locity a minimum of 10-20 years would be re- 
quired to transmit an impulse from the upper 
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Seward basin to Malaspina Glacier. Thus, the 
resurgence in 1954 probably had its origin some 
time prior to 1948/49, perhaps during a more 
extended period of heavy accumulation related 
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FicurE 11.—EvoLuTION oF MaAtaspIna Fo.ps 


Wholly diagrammatic and shown with only 
three medial moraines for simplicity’s sake. 


to abnormally high precipitation suggested by 
Yakutat records for the interval from 1937 
to 1943. 

That part of the Malaspina fed by Marvine 
Glacier was reactivated in 1906 by a surge 
attributed to the Yakutat Bay earthquake of 
1899 (Tarr and Butler, 1909, p. 83-88; Tarr 
and Martin, 1914, p. 54-56). Consideration 
was given to the possibility that the 1954 re- 
activation in the Seward-fed part of the 
Malaspina was of the same origin. However, 
the velocity of transmission of the 1954 surge 
through the Malaspina, although not ac- 
curately known, was probably in excess of 5 
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miles per year, which is much too high for it 
to have started in the upper reaches of the 
Seward-Glacier as far back as 1899. 


RELATIONSHIP OF VELOCITY TO DEPTH 
Introduction 


Magnitude and variations of surface ve- 
locities on glaciers have been measured in many 
places, but data on velocity distribution in 
depth are sparse. The concept of extrusion 
flow (Streiff-Becker, 1938, p. 10-11; Demorest, 
1942, p. 31-38; 1943, p. 365-373) stimulated 
interest in subsurface velocities, for they are 
pertinent to an evaluation of this concept. In 
response to this need, Perutz (1949) and his 
associates bored a vertical hole through the 
Jungfraufirn in the Swiss Alps and measured 
the year-to-year deformation of a steel pipe 
therein. This well-conceived and successfully 
executed experiment yielded a vertical velocity 
profile with a decreasing velocity in depth which 
is not consistent with extrusion flow (Gerrard, 
Perutz, and Roch, 1952, p. 552). Since it is 
not clear that the geometrical relationships of 
the Jungfraufirn require extrusion flow, similar 
experiments in different settings are desirable. 
Several have been initiated; those in North 
America are on the Juneau Ice Field (M. M. 
Miller, 1953, p. 50) and the Malaspina Glacier 
in Alaska, on the Saskatchewan (Meier, Rigsby, 
and Sharp, 1954, p. 12-13) and Salmon glaciers 
in Canada (Mathews, 1957) and on the Blue 
Glacier in Washington. The Juneau Ice Field 
and the Saskatchewan Glacier holes are shallow 
and will yield information only on near-surface 
flow. 

Malaspina Glacier affords a nearly ideal 
subject for a field test of the extrusion-flow 
hypothesis. It is a sheet of ice with gentle sur- 
face slope which lies in a basin. Over most and 
possibly all of the distance outward from the 
mountains it moves uphill over its subglacial 
floor. 


Setting 


The site selected for a borehole was on clean 
ice at the central camp (Fig. 1), where the sur- 
face is without marked topographic configura- 
tion and is relatively free of crevasses. A 10- 
mile transit-stadia profile on a north-south 
line through the site shows a surface slope of 
34.8 feet per mile in the immediate vicinity 
of the hole and a southward slope for the entire 
10 miles of 60.5 feet per mile. 


Seismic reflections (Allen and Smith, 1953, 
p. 755-758) indicate an ice thickness of 1995 
feet at the borehole site. The altitude here js 
approximately 1370 feet, so the floor of the 
glacier is 625 feet below sea level. Geophysical 
data show that the glacier floor slopes north- 
ward 380 feet per mile just south of the bore. 
hole and an average of 70 feet per mile north- 
ward over the 10.5 miles between the south 
margin of the glacier and the borehole. Dj. 
rection of flow at the site as judged from folia. 
tion and radial crevasses is about S.25°E, 
but the location is too far from any fixed points 
to permit measurement of magnitude or di- 
rection of surface movement over a time in- 
terval of only a few years. Consequently, the 
data reported here pertain to a floating system. 


Procedure and Equipment 


Earlier experience on upper Seward Glacier 
and the success of similar efforts in other areas 
(Nizery, 1951; M. M. Miller, 1952) suggested 
that the best hope for making a deep hole in 
the Malaspina with a minimum of expense 
and equipment was by means of an electrical 
hotpoint. The task was simplified by the tem- 
perate condition of the ice (Ahlmann, 148, 
p- 66), which eliminated the problem of drill- 
stem freezing during the operation. 

Hotpoints of the design and _ specification 
shown in Figure 12 were made in the Electrical 
and Mechanical Shop of the California In- 
stitute of Technology. They have an outer 
diameter of 1.75 inches and produce appror- 
imately a 2-inch hole. The drill stem was 
aluminum pipe of 1.38 inches inner diameter 
and 1.65 inches outer diameter in 10-foot sec- 
tions joined by aluminum couplings. A well 
insulated heavy (number 8) copper cable was 
strung through the pipe, and the pipe itself was 
used to complete the circuit. Energy was sup- 
plied by a small gas-engine generator producing 
220 volts at 2500 watts. This system was oper: 
ated at about 7 amperes, controlled by a vat 
able resistance. 

Boring rates ranged from 19.3 feet to 64 
feet per hour, with an average of 11.3 feet per 
hour, omitting occasions when no penetration 
was obtained. This happened several times, 
even though all the equipment seemed to be 
working satisfactorily. On such occasions the 
operation was shut down for 12-24 hours, fol 
lowing which further penetration was obtained. 
Boring was carried on at intervals over a 9-da} 
period to a depth slightly greater than 100) 
feet. Here penetration suddenly ceased with 
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sharp drop in amperage attributed to a short 
circuit caused by water leaking into the hot- 
point. 

Aluminum pipe was used for the drill stem 
because the magnetic needle in the inclinometer 
used to survey the hole would not function 
properly in a steel pipe. Owing to shortages 
caused by the Korean conflict, only 1000 feet 
of aluminum pipe could be obtained, and all 
of it had been put into the hole when the hot- 
point failed. Although an additional 500 feet 
of steel pipe was on hand, it was decided not 
to risk losing the hole by pulling the pipe in 
order to install a new hotpoint. 

The electrical cable had to be withdrawn from 
inside the pipe to allow passage of the inclinom- 
eter. Provision for this had been made by at- 
taching the cable to the hotpoint with a push- 
pull plug. The strenuous efforts of four men 
pulling on the cable failed to free it; an im- 
provised winch finally separated a splice in the 
cable at a depth of 500 feet. Thus, the pipe 
had to be removed from the borehole to clear 
the remaining cable. This was easily done, as 
the aluminum pipe was almost afloat. In the 
process, it was discovered that joints in the 
pipe at depths in excess of 300 feet were not 
waterproof under the pressure of water in the 
hole outside the pipe. Consequently, water 
leaking into the pipe had frozen under the 
lower (1 atmosphere) inside pressure. At depths 
of 650-700 feet, ice filled the pipe, firmly bind- 
ing the cable. After removing this ice, the pipe 
was reinserted in the hole and filled with saline 
water to prevent further inside freezing which 
would have blocked passage of the inclinom- 
eter. After the inclinometer surveys were com- 
pleted, the top 60 feet were filled with anti- 
freeze to guard against freezing during winter. 
hhitially, some fear had been felt that the pipe 
might be seized by flowage or by slippage along 
a shear plane before boring was completed. 
This did not occur, and the pipe was still free 
in the hole 13 days after the boring was started. 


Surveys of Pipe 


_ Introduction. —A small-diameter single-shot 
inclinometer, generously loaned by the Parsons 
Survey Company of South Gate, California, 
was used to determine the inclination and 
orientation of the pipe. This instrument 
measures inclination accurately to 5 minutes 
and direction accurately to 3°. Since the pipe 
Was full of water, the inclinometer had to be 
enclosed in a waterproof casing, the outer 
diameter of which was about 1.25 inches. 
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FicurE 12.—DeEsIGN oF HOTPOINT 


Records were made at 50-foot intervals. Repeti- 
tion of observations demonstrated a repro- 
ducibility within the limits noted above. 
Surveys of 1951.—The pipe was first  sur- 
veyed in late July 1951, 10 days after boring 
was completed. Deviations from the vertical 
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FiGurRE 13.—PLots OF BOREHOLE DEFORMATION 


Curves A and B are plots of actual inclination as resolved into N-S plane. Curve C is plot of actual de 


formation between 1951 and 1952. Note differences in horizontal scale. Curve D is plot of actual deforms 


tion in upper 300 feet from 1951 to 1954. 


were in various directions, mainly to the north- 
west, and ranged from 30 minutes to 3°. The 
initial inclination of the pipe as resolved into a 
vertical north-south plane is shown in Figure 
13, curve A. A resurvey of the pipe a month 
later showed some slight differences in orienta- 
tion, but nothing marked enough to permit 
conclusions concerning glacier flow. 


Survey of 1952.—The pipe was resurveyed 0 
15-17 August, 1952. At first, some trouble was 
encountered in gaining access to the hole, # 
the top section of pipe had been broken off ant 


displaced about 4 feet beneath the ice surface 


presumably by strong winter winds. The to 
of the pipe was relocated after considerable & 


cavation. 
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RELATIONSHIP OF VELOCITY TO DEPTH 


The survey of 1952 showed no measurable 
deformation in the upper 300 feet during the 
frst year. Below 300 feet the deformation was 
at a relatively uniform rate with only minor 
variation to a depth of about 925 feet, where 
it showed a marked increase (Fig. 13, curve B). 
The greatest angular deviation from vertical 
was at the bottom, but even here it was less 
than 4°. Differential movement between the 
top and bottom of the 1000-foot pipe was 5.75 
feet. Since this is a floating system without a 
tie to any fixed point, nothing is known about 
the total movement of the pipe and the glacier 
at this site. The effects of deformation during 
the first year are best shown when plotted as 
deviations from a vertical line as in Figure 13, 
curve C. 

Attempted survey of 1953.—Much of the anti- 
ireeze in the upper part of the pipe was flushed 
out during the survey of 1952. This loss had 
not been anticipated, and it was not possible to 
obtain a new supply. Therefore, in 1953 some 
ice was expected in the upper part of the pipe, 
and drilling equipment was provided for its 
removal. The site was reached on 15 August, 
and the pipe was found to contain a solid core 
of ice. Fifty-three feet of drill rod had been 
provided, but this was not sufficient to pene- 
trate the total thickness of ice in the pipe. Since 
the winter chill on Malaspina Glacier probably 
penetrates no more than 30-40 feet into the ice, 
this abnormal depth of freezing must have been 
due to conduction along the pipe. Other at- 
tempts at removing the ice from the pipe failed, 
and no survey was possible in 1953. The upper 
33 feet of the pipe which had been cleaned out 
by drilling was filled with antifreeze. 

Survey of 1954.—The borehole site was 
reached on 9 August, 1954; the pipe was free 
of ice and without liquid to a depth of 125 feet. 
An inclinometer survey was initiated and ex- 
tended to a depth of 300 feet, beyond which 
passage was blocked. The pipe was either ob- 
structed, crushed, or broken at this depth. 
Since about 125 feet of liquid had escaped from 
the pipe a break must have occurred. This was 
probably caused by deformation related to the 
surge that started moving through this part 
of the Malaspina Glacier between the summers 
of 1953 and 1954. 

Measurements obtained in the upper 300 
leet in 1954 are significant. No deformation 
Was recorded in the upper 300 feet during 1951- 
1952, but over the 3-year period from 1951 
to 1954, the differential movement between top 
and bottom of the 300-foot section amounted 
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to 1.5 feet, and some of this occurred within 
the uppermost 50 feet. These data give a flow 
curve (Fig. 13, curve D) for the upper 300 feet, 
which is of the same type obtained in 1952 
for the entire hole. 


Conclusions Drawn from Borehole Data 


(1) Extrusion flow does not occur in the 
uppermost 1000 feet of this ice sheet, although 
the geometrical relationships are almost ideal 
for it. 

(2) Whatever the mode of movement, it 
produced a flow curve in which the top moved 
the greater distance. Deformation of the pipe 
may not give a true measure of total differential 
displacement because of ice flowage past the 
pipe. Even though this may be true, the dis- 
placement of the pipe must be in the proper 
direction and therefore truly indicative of the 
mode of flow. The curve of 1954 for the upper 
300 feet of the Malaspina hole shows a similar 
velocity distribution with some deformation 
within 50 feet of the surface (Fig. 13). 

(3) Data from the Malaspina borehole sur- 
veys have been plotted in several different 
ways, but the scatter of points is such that 
curves cannot be drawn with much confidence. 
On a semilogarithmic plot of shear-strain rate 
against depth (Fig. 14), the points at and below 
a depth of 700 feet fit nicely on a curved line, 
suggesting that the relationship of shear-strain 
rate to depth is not exponential. The points on 
a log-log plot of shear-strain rate against shear 
stress (Fig. 15) are more suggestive of a straight- 
line relationship, possibly of the typey = kr” ? 
proposed by Perutz (1950, p. 65) and applied 
to the creep of metals. This is seemingly con- 
firmed by laboratory experiments (Glen, 1952, 
p. 113; 1955, p. 528; Steinemann, 1954, p. 408), 
observations in a borehole (Gerrard, Perutz, 
and Roch, 1952, p. 554), and in tunnels (Nye, 
1953, p. 484-485). The Malaspina curve yields 
an approximate value for ” of 3, which fits 
well with the data from other sources (Gerrard, 
Perutz, and Roch, 1952, p. 554: Glen, 1952, 
1953, 1955: Nye, 1953: Steinemann, 1954). 
The Malaspina observations also suggest a 
yield stress for ice as low as 0.01 bar, supporting 
Steinemann’s (1954, p. 410) conclusion that 
the yield stress for ice must be less than 0.2 bar. 





?-y = mean strain rate, r = shear stress, k and 
n are constants. 7 is simply the measure of deforma- 
tion of the pipe and 7 is calculated from the formula 
rt = pgh sin a; h = depth beneath the surface and 
a is angle of surface slope. 
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MopeE oF FLow In MALASPINA GLACIER 


A prime question is how a sheet of ice like 
Malaspina Glacier can move 28 miles across 
the coastal foreland over a subglacial floor 
sloping back toward the mountains. The ratio 
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underlying most treatments of ice flow acros 
flat or back-sloping floors (Demorest, 1943 


p. 366; Nye, 1952a, p. 529; 1952b, p. 85-% 
1952c, p. 104; Bodvarsson, 1955, p. 5). 
A demonstration of the relationship betwee 


surface slope and flow is afforded by surfag 
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Figure 14.—P tor oF DrEptTH-STRAIN RATE RELATIONSHIPS 


Lines indicate limits of error. Upper points suggest curve rather than straight-line relationships. 


of horizontal extent to average thickness of this 
body is somewhat greater than 100 to 1. Suf- 
ficient stress to cause flow at the outer margin 
could not possibly be transmitted through a 
sheet of ice of these dimensions. Rather the 
slope of the ice surface and its thickness com- 
bine to produce a shear stress sufficient to 
produce flow. The thrust from debouching 
valley glaciers causes the glacier to thicken until 
it has developed a sufficient surface slope and 
depth to flow across whatever type of floor 
lies before it. This is the basic assumption 


features and subsurface data in the vicinil) 
of the central camp on Malaspina Glacier. Just 
south of the camp is a ridge or knob on th 
subglacial floor about 300 feet high. This featur 
restricts the cross section of flow, so that dis 
charge must be maintained either by a velocity 
increase or by a lateral divergence. If the at 
justment is made by velocity increase, tht 
surface slope on the glacier should steepé! 
over the top of the knob and for some distanet 
upstream therefrom, not just over the dow 
stream side. Data from seismic exploration 
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and a transit-stadia survey show that this is 
the relationship (Fig. 16). In general, one is 
inclined to regard steeper reaches on the surface 
ol an otherwise gently sloping glacier as under- 
lain by steeper slopes on the subglacial floor. 
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FiGuRE 15.—PLot OF SHEAR STRESS-STRAIN RATE RELATIONSHIPS 


Lines represent limits of error. 





On the Malaspina they may be underlain by 
an ascending as well as a descending floor. 

The movement of any glacier can be com- 
prised of two principal elements: slippage over 
the bed and internal deformation. Their relative 
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roles have been reported to range from major 
(as much as 90 per cent) basal slippage in thin 
masses of cold ice on steep slopes (McCall, 
1952, p. 126; Ward, 1955, p. 597), to possibly 
as little as 10-20 per cent in thicker masses of 
temperate ice on gentle slopes (Deeley and 
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Malaspina sheet is important with respect to 
the maintenance of surface elevation and pro- 
file, especially on this glacier with its gentle 
slope and considerable ablation. If the ice syr. 
face slopes more steeply outward than the floor, 
a movement of sufficient magnitude paralle 
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FIGURE 16.—RELATIONSHIP OF SURFACE SLOPE TO CONFIGURATION OF SUBGLACIAL FLOOR 
Data on subglacial floor obtained by seismic reflections. 


Parr, 1913, p. 99-100; Hess, 1933, p. 42; 
Haefeli, 1951, p. 496). In most instances, it is 
not possible to distinguish between basal slip 
and an abnormally high rate of flow in a basal 
layer (Bodvarsson, 1955, p. 4), which can be 
called boundary flow. 

Data are not adequate for a quantitative 
evaluation of the role of basal slip or boundary 
flow in the movement of Malaspina Glacier, 
but the indications are that either one or the 
other occurs. The Malaspina borehole at the 
central camp extends about halfway through 
the glacier. Extrapolation of the curve ob- 
tained from this hole suggests that internal 
flow is probably not less than 25 and possibly 
as great as 75 feet per year. No allowance is 
made for flow of ice past the pipe, so the above 
figures are possibly low. An approximate mean 
movement of 200-300 feet per year can be cal- 
culated for the central camp site from data on 
discharge derived from earlier studies of ac- 
cumulation and ablation on the Seward- 
Malaspina system. From these figures it ap- 
pears that much of the movement at this site 
must be due to a relatively high rate of bound- 
ary flow or to basal slip, or possibly both. 

The absolute direction of flow within the 


to the floor could maintain the surface in spite 
of ablation. Calculation of the required ve- 
locity is most easily made for the central camp, 
where surface slope is 35 feet per mile to the 
south, the floor slopes 255 feet per mile to the 
north, and the total ablation of ice in 1951 was 
7 feet. The velocity parallel to the floor re- 
quired to maintain the profile is about 14 
feet per year under these conditions. The mean 
velocity of 200-300 feet per year calculated 
from discharge suggests that no independent 
surfaceward movement within the ice is re 
quired to maintain the surface profile at this 
location. The subglacial floor slopes north at 
an exceptionally high angle here, so that the 
conditions are not representative. 

Similar calculations for sites closer to the 
glacier’s margin with 15-20 feet of ice ablation 
per year, show that the movement parallel to 
the floor required to maintain the elevation 
and profile of the ice surface is 700-1000 feet 
per year. Even though the glacier is probably 
not in equilibrium, this seems much too high, 
and an upward movement of ice independent 0! 
that related to the rise upon the subglacial 
floor must occur near the margin. 

The hypotheses of obstructed extrusion flow 
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MODE OF FLOW IN MALASPINA GLACIER 


(Demorest, 1943, p. 367-369) and of compres- 
sive flow (Nye, 1952b, p. 86-89) can both pro- 
duce a surfaceward component of movement. 
Cogent objections have been advanced against 
any type of extrusion flow, and its occurrence 
here is considered unlikely. The rising floor of 
the Malaspina and the signs of decreasing ve- 
locity outward toward the margin are favorable 
to compressive flow. This is considered the most 
likely explanation yet advanced for surface- 
ward flow of ice in Malaspina Glacier. 

In summation, the motion of Malaspina 
Glacier is thought to occur partly by basal 
dippage or boundary-layer flow and partly by 
internal flowage. The surface velocity parallel 
to the floor at the central camp probably does 
not exceed 200-300 feet per year. Close to the 
glacier’s margin it is considerably less, de- 
creasing to zero in the stagnant marginal zone. 
Some surfaceward movement of ice results from 
motion over the rising subglacial floor, but this 
rise is not sufficient to maintain the elevation 
and profile of the ice surface against lowering 
by ablation near the outer edge of the glacier. 
An independent surfaceward movement of ice 
is required, and it is postulated that this occurs 
because of compressive flow. Although Nye’s 
(1951, p. 565-568; 1952b, p. 88) analysis shows 
that in compressive flow, the trajectories of 
maximum shear-strain rate rise out of the sur- 
face at a 45-degree angle, the velocity vector 
makes a much lower angle with the surface. 
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ABSTRACT 


The stratigraphic succession of Lower and Middle Cambrian sediments in northern 
Utah and southeastern Idaho as determined from 13 measured sections includes the 
basal medium- to coarse-grained Prospect Mountain Quartzite overlain by interbedded 
fine- and coarse-grained clastic rocks (Pioche Formation) that in turn are overlain by 
several hundred to a few thousand feet of carbonate rocks with a few thinly interbedded 
layers of fine clastics. The carbonate sequence includes the Langston Formation, Ute 
Limestone, Blacksmith Dolomite, and Bloomington Formation. 

Known occurrences of fossils are listed for the formations. Seventeen faunal groups 


are identified, and a sequence of faunizones 


is proposed. 


Cambrian deposits may be separated into (1) orthoquartzite; (2) greenish-brown, 


micaceous and arenaceous shale; (3) brown-weathering, calcareous sandstone; 


(4) rusty- 


brown-weathering dolomite; (5) green and buff fissile shale; (6) calcareous black shale; 
(7) mottled, silty, aphanitic, thinly bedded limestone; (8) Girvanella limestone; (9) intra- 


formational conglomerate; (10) odlitic limestone; 


and (12) “undifferentiated dolomite’’ facies. 


(11) “undifferentiated limestone’’; 


All these sediments probably were deposited in a shallow, chiefly transgressive, though 
oscillating, sea. This sea transgressed a low-lying but mature topography eastward to 
western Utah by earliest Cambrian (pre-Olenellus?) time and to eastern Utah by the 


end of Early C 
and much of Late Cambrian time. 


Cambrian time. The area remained submerged during Medial Cambrian 
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IN THE REGION 


INTRODUCTION 


As part of a regional investigation of the 
Cambrian rocks of the Great Basin which has 
been conducted sporadically since 1939, the 
writer studied several sections of Lower and 
Middle Cambrian rocks in northeastern Utah 
and southeastern Idaho (Fig. 1). New informa- 
tion resulting from this study constitutes the 
main body of this paper. Suggestions are also 
included for simplifying and correcting Cam- 
brian formational and biostratigraphic nomen- 
clature which seems to be unnecessarily com- 


plex and partly in error on the basis of mode! 
principles and concepts of regional stratlt 
raphy. Many of the conclusions here present 
are tentative because the field and laboratory 
study is still in progress. Additional informe 
tion and more dependable conclusions will 
made available as the study progresses. 
The writer gratefully acknowledges the 
advice and assistance of Dr. Charles Deis 
and Dr. J. Stewart Williams, both of whom 
encouraged him to begin and continue thes 
studies. Dr. B. F. Howell consistently 
patiently advised the writer throughout the 
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INTRODUCTION 


study; assisted him with many problems, 
chief among these the identification of most 
of the fossils; and finally read the manuscript. 
Without this advice and assistance the study 
would probably have never been completed, 
and for this the writer is sincerely grateful. 
Dr. Erling Dorf and Dr. Franklin Van Houten 
also read the manuscript and offered helpful 
suggestions. Thanks are extended to Dr. 
Norman Denson, Mr. Donald Duncan, Dr. 
Franco Rasetti, the late Dr. Charles E. Resser, 
Dr. John F. Mason, and the late Mr. Frank 
Beckwith, all of whom contributed much time 
and many ideas. 

Funds to finance the field and laboratory 
work were furnished in part by the Depart- 
ments of Geology of Princeton University and 
Utah State Agricultural College. The Univer- 
sity of Connecticut also contributed funds for 
laboratory equipment and freed the writer 
irom excessive academic tasks during 1949 and 
1950. Field assistants included John W. Wetz- 
ler (Summer, 1939), Kent O. Bushnell, and 
Arthur Reimer (Summer, 1950). To these 
organizations and individuals the writer is 
indebted and extends his warmest thanks. 

All sections described for the first time by 
the writer were measured with a Brunton com- 
pass and steel tape; adjustments were made to 
obtain the correct thicknesses of stratigraphic 
units where necessary. These adjustments were 
usually made by reference to Mertie’s chart 
(1922, Pl. VI). Rock colors were determined in 
the field by use of a standard rock color chart 
(Goldman and Merwin, 1928). The color names 
corresponding to the color chips on the chart 
are from Ridgway (1912, p. 1-53). 


LocaTION AND GENERAL DESCRIPTION OF 
SECTIONS STUDIED 


General Statement 


Most of the outcrop areas (Fig. 1) in north- 
eastern Utah and southern Idaho were visited 
by the writer during the period 1940-1951 when 
he measured one or more detailed sections of 
rocks of Early and Medial Cambrian age in 
several of the areas. When detailed sections, 
described by other geologists were available, 
they were carefully studied in the field. Col- 
“ctions made from these sections were accu- 
rately located within the sections. Significant 
lithologic variations were likewise noted and 
arefully checked in the field. Detailed de- 
“tiptions are given here for only those sections 
‘nich have not been published. 
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Portneuf and Bannock Ranges, Idaho 


Detailed descriptions of sections of Cambrian 
rocks in the north part of the Bannock Range 
have been published by Ludlum (1943, p. 973- 
986). In the vicinity of Pocatello and Inkom, 
Idaho, he found that 3200 feet of Prospect 
Mountain (“Brigham”) Quartzite unconform- 
ably overlies the Precambrian Blackrock Lime- 
stone. This is one of the few localities in Idaho 
and northern Utah, outside the Wasatch Range, 
where the base of the Prospect Mountain For- 
mation is exposed. The formation is pink to 
red, thick-bedded, vitreous, medium-grained 
quartzose sandstone interbedded with beds 
of coarse sandstone and pebble conglomerate. 
The upper 600 feet of the formation as de- 
scribed by Ludlum is thin-bedded and contains 
much green or buff siltstone and shale. The 
lower part of this shaly and silty sequence may 
be the lithogenetic equivalent of the Pioche 
Shale, and the upper part the equivalent of the 
Spence Shale Member of the Langston Forma- 
tion. The quartzite is conformably overlain by 
4250 feet of sparsely fossiliferous limestones 
interbedded with a little shale and sandstone. 

In the vicinity of Scout Mountain about 10 
miles south of Pocatello, Idaho, the writer 
identified lithologic equivalents of the Lang- 
ston, Ute, and Bloomington Formations which 
also crop out in adjacent areas of Idaho and 
northern Utah. Time did not allow detailed 
measurement of this section, but several litho- 
logic units and formations were recognized, 
including the Spence Shale Member of the 
Langston Formation and the Hodges and Calls 
Fort Shale Members of the Bloomington For- 
mation. An equivalent of the Blacksmith Dolo- 
mite probably is absent in this locality. 

A section in the south part of the Bannock 
Range, about 3 miles north of Malad City, 
Idaho, was also examined. Lithologic equiva- 
lents of the above-mentioned formations, ex- 
cept the Blacksmith Dolomite, were also rec- 
ognized in this area. 


Malad Range, Idaho 


The Two Mile Canyon section is exposed 
approximately 2 miles southeast of Malad City, 
Idaho (Fig. 1), in a small canyon in the Malad 
Range, a northward extension of the Wasatch 
Range of Utah. The Cambrian rocks that crop 
out in the vicinity of Two Mile Canyon were 
first studied in detail by Walcott in 1898 and 
1906 (Resser, 1939b, p. 4, 9-11). Meek had 
earlier made collections and notes. Walcott 
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measured and described in detail a partial sec- 
tion of the Prospect Mountain (‘“Brigham’’) 
Quartzite and a complete section of the forma- 
tions of Medial Cambrian age. The description 
of this section was not published until 1939 
when Resser (1939b, p. 10-11) included it in 
his discussion of the “Ptarmigania strata” 
(Naomi Peak Limestome Member of the Lang- 
ston Formation). 

The writer visited the Two Mile Canyon sec- 
tion several times between May 1939 (accom- 
panied by Deiss) and June 1941. The rocks are 
complexly faulted in Two Mile Canyon, and a 
careful search for a place to measure an undis- 
turbed sequence of rocks of Medial Cambrian 
age was unsuccessful. However, an undisturbed 
but incomplete section from well down in the 
Prospect Mountain Quartzite (“Brigham’’) to 
high in the Spence Shale Member of the Lang- 
ston Formation was carefully measured and 
described, and fossils were collected from sev- 
eral horizons. The lower part of Walcott’s 
section described by Resser (1939b, p. 10-11), 
including the Prospect Mountain (‘‘Brigham’’) 
Quartzite, Walcott’s “Langston” limestone, and 
the Spence Shale, corresponds very closely in 
lithologic detail to the section measured by the 
writer. Therefore the section is not described 
here. 

Walcott’s description of the Two Mile Can- 
yon section may be correct as far as sequence of 
lithologic types is concerned, but his assign- 
ment of those types to the Middle Cambrian 
formations which occur in adjacent areas does 
not appear to be accurate. The Spence Shale 
and some overlying units are now known to 
occur low in the Langston Formation rather 
than at the base of the Ute Formation (Wil- 
liams and Maxey, 1941, p. 276-285). Probably 
the Spence Shale and the three overlying units 
in Walcott’s description of the Ute Formation 
(Resser, 1939b, p. 10) should be referred to the 
Langston Formation. Moreover, the basal beds 
of the Nounan Formation contain fossils of 
Late Cambrian age. Accurate measurement of 
the thickness of the various lithologic units may 
not be possible in an unmapped area of such 
complex structure. For example, the apparent 
thinness of the Bloomington Formation and the 
apparent thickness of the Blacksmith Dolomite 
in Walcott’s Two Mile Canyon section may be 
the result of cutting out and duplication of beds 
by faulting. However, the section in Two Mile 
Canyon contains the lithogenetic equivalents 
of the section in adjacent areas in northern 
Utah and southern Idaho. The faunas con- 
tained in the Langston Formation at two Mile 
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Canyon are identical with those in the same 


formation in closely adjacent areas. 
Bear River Range, Utah and Idaho 
General description.—The Bear River Range 
is an eastward prong of the Wasatch Range 
and extends northward nearly 95 miles from 
Sharp’s Mountain, east of Brigham City, Utah, 
to Soda Point, 45 miles north of the Utah-Idaho 
boundary. The southern part of the range in 
Logan quadrangle, Utah, is underlain by a 
broad syncline, broken on the west along the 
range front and near the center of the range by 
normal faults of considerable throw. Rocks oj 
Cambrian age crop out along the west front oi 
the range nearly as far south as Logan, Utah, 
and, in the center and east parts of the Range, 
to its southern extremity. The northern part of 
the range in Idaho has not been completely 
mapped, and the boundaries of the outcrops 
of Cambrian rocks are not accurately known. 
However, much of the northern part of the 
range is underlain by rocks of this age. 
The Cambrian rocks in the Bear River Range 
were probably first studied by Hague and En- 
mons (1877, p. 340-417) during the Fortieth 
Parallel Survey (1867-1877). Peale (1879, p. 
598-600), with the Green River Division of the 
Hayden Survey, also worked in the range in 
1877. Many of the data collected by these field 
parties were later studied and described by 
Walcott, who first visited the area in 1898. He 
followed this work with extended studies of 
the Blacksmith Fork and Mill Creek areas in 
1906 and published the original Blacksmith 
Fork Cambrian section in 1908 (Walcott, 1908, 
p. 5-9; 1908b, p. 191-200). Walcott was assisted 
by Burling and others in the later study. 
Further results of these studies were published 
in 1912 (Walcott, 1912, p. 148-153). 
Richardson described the Cambrian rocks 
in the eastern part of the range in the Randolph 
quadrangle in 1913 (p. 406-409) and in 1%! 
(p. 7-14). He noted that the section is similat 
to the Blacksmith Fork section and described 
and named the Hodges Shale Member at the 
base of the Bloomington Formation and the 
Worm Creek Quartzite Member at the base 0 
the St. Charles Formation (Upper Cambrian 
Mansfield (1927, p. 52-56), on the basis of work 
of geologists of the United States Geological 
Survey between 1909 and 1916, gave detailed 
descriptions of sections of the Cambrian rocks 
in southeastern Idaho, chiefly east of the Beat 
River Range. He adopted the formation 
names of Walcott’s Blacksmith Fork section 
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and recognized the Hodges Shale and Worm 
Creek Quartzite of Richardson. 

Deiss (1938) remeasured and emended the 
Blacksmith Fork section and designated type 
localities for the formations of Medial Cam- 
brian age. He also described the Glossopleura 
horizon at the base of the Ute Formation and 
correctly stated that “the shale at the base 
of the Ute Formation cannot be correlated 
with the Spence shale of Idaho” (1938, p. 116). 

Resser (1939a; 1939b) described the faunas 
of the lower part of the Langston Formation. 
He recognized the Spence Shale Member but 
incorrectly assigned it to the base of the Ute 
Formation, and he described in the detail the 
“Ptarmigania fauna” at the base of the Lang- 
ston. These descriptions were based chiefly on 
unpublished field notes and undescribed mate- 
rial collected by the Walcott expeditions of 
1898 and 1906. 

Williams and Maxey (1941, p. 276-285) 
showed that the Spence Shale Member occurs 
near the base of the Langston Formation and 
is not a member of the Ute Limestone. Most 
of the detailed field date collected during those 
field seasons is incorporated in the present re- 
port. On the basis of these data and later study, 
Williams (1948, p. 1131-1135) briefly de- 
scribed the Cambrian formations of the Logan 
quadrangle and discussed lithologic and faunal 
variations within that area. 

Denson (1942) described and named the Calls 
Fort Shale Member of the Bloomington Forma- 
tion and, on the basis of fossils, showed that 
the top of the Bloomington Formation was de- 
posited in latest Medial Cambrian time. He 
described three new and important faunules 
in the Bloomington Formation and showed that 
these faunules were present in uppermost 
Middle Cambrian rocks in Wyoming, Montana, 
British Columbia, and Alberta. 

The sections given below were measured by 
the writer during the field seasons of 1939 and 
1940 and were checked and emended by him 
in the summer of 1950. 

High Creek section—Rocks of Early and 
Medial Cambrian age are well exposed from 
far down in the Prospect Mountain Formation 
to the contact of the Bloomington and Nounan 
(Upper Cambrian) Formations. Exposures of 
the Spence Shale Member and the Prospect 
Mountain, Ute, Blacksmith, and Bloomington 
Formations are as good as any in northern 
Utah and southern Idaho. More fossil zones 
were found in this section than in any other 
measured or observed section in the Bear River 
and Wasatch ranges. Outcrops are numerous, 


especially along the high ridges between the 
larger streams. The base of the measured section 
is at the contact of the Pioche (?) shale and the 
Langston Formation on the main ridge be- 
tween the North and South forks of High Creek 
in section 11, T.14 N., R. 2 E., approximately 
7 miles northeast of Richmond, Utah (Fig. 1). 
The line of the section follows northeasterly 
up the ridge, on the South Fork side of the ridge. 


High Creek Section, Bear River Range 
UprerR CAMBRIAN 
Nounan Formation 

Feet 

45. Dolomite and limestone: neutral- 

gray, thin-bedded medium-crystal- 

line dolomite interbedded with 

dark-gray thin-bedded, _ finely 

crystalline limestone in first 20 

feet of unit overlain by neutral- 

gray, thin- to medium-bedded (1 

inch to 6 inches), finely crystal- 

line dolomite; weathers to speckled 

white and gray surfaces; poorly 
€xposed OULCTOPS... 2.6... 68.06 2:500- 60 

Total thickness of Nounan Forma- 
DN eatin nalowex ame esis 1125 


MIDDLE CAMBRIAN 


Bloomington Formation 
Calls Fort Shale Member 
44. Limestone: dark blackish gray, thin- 
bedded, finely crystalline, platy; 
weathers to blue-gray and colonial- 
buff-stained plates; some arenace- 
ous, shaly, dolomitized layers in 
NOMI eos sycoh tap areca acces aye et aea sas 60 
43. Limestone: dark gray, thin-bedded, 
conglomeratic with very small, 
well-rounded, limestone pebbles 
and much limonite; weathers to 
lighter-gray and _ limonite-stained 
rough-surfaced plates 1-2 feet 
square. Fossil locality 101 s24 at 
hase (OF hit UIE)... 65. c ec ees 30 
Fossils: 
Homagnostus cf. pisiformis pater 
(Holm and Westergard) 
Elrathia dubia Denson 
Unidentified and undescribed 
trilobite genera 
Hyolithes 
Stenotheca 
42. Limestone and shale: neutral-gray, 
thin-bedded, finely crystalline 
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shaly limestone interbedded with 
thin beds of dark-gray limestone; 
near deep-olive, thin-bedded, finely 
chunky to fissile shale. Limestones 
weather to light bluish-gray, 
colonial-bufi-stained 14- to 1- 
foot quadrangular plates; shales 
weather to tea-green chunks and 


very thin small plates. Poorly ex- 


posed outcrops. . 
Total thickness 
Shale ‘ets - 

41. Limestone: dark blue gray, medium 
crystalline, odlitic; has very few 


of Calls Fort 


dark-gray bands and _ spots; 
weathers to lighter bluish-gray 
chunks 


40. Limestone: neutral gray, irregularly 
and thinly bedded, finely crystal- 
line; contains many buff clay 
partings; slightly nodular, some 
beds more nodular and darker gray 
than others especially toward top; 
weathers to very light-bluish-gray 
chunks; at base is very  thin- 
bedded and weathers to colonial- 
buff plates; few beds of more finely 
crystalline, thicker-bedded, slightly 
darker limestone toward center of 
unit which form good 4- to 5-foot 
| , : ‘ 

39. Limestone: dark neutral gray, thick- 
bedded, finely crystalline odlitic 

38. Limestone: dark neutral gray with 
tannish tinge, thick-bedded finely 
crystalline, odlitic; smaller odlites 
and lighter color than above 

37. Limestone: dark neutral gray, thick- 
bedded, finely crystalline, odlitic 

36. Limestone: dark bluish gray, thick- 
bedded, finely crystalline, odlitic; 
contains few small limestone peb- 
bles 14-1 inch in 
weathers to lighter-bluish-gray, 
limonite-stained low outcrops; in- 
terbedded with very dark-bluish- 
gray, very compact limestone 
which contains few small crystals 
of calcite and few small splotches of 
tan limonite, and which weathers 
to limonite-stained, lighter-blue- 
gray, low outcrops ae 

35. Limestone: dark bluish gray, thin- to 
thick-bedded (beds 2 inches to 2 
feet thick), brittle, 


diameter; 


compact, 


nodular; contains some buff to tan 


Feel 


90 


180 


40 


70 


165 


100 


limonitic blobs on weathered sur 
faces; weathers to lighter-bluish- 
gray rough chunks and _ plates. 
Nonfossiliferous 
34. Covered interval: float indicates beds 
similar to unit 35. . aS 
33. Limestone: similar to unit 34 except 


fossiliferous at the base. Fossil 
locality 101 a10. 
Fossils: 

Olenoides, sp. 

Undescribed and _ unidentified 


trilobite genera 
Hodges Shale Member 
32. Limestone and shale: dark-bluish- 
gray, thick-bedded finely crystal- 
line, odlitic limestone interbedded 
with three 4- to 6-foot phases of 
andora-green, very  thin-bedded 
(beds 14 6-4 inch thick), calcareous 
shale that weathers to small tea- 
green chips. Fossil locality 101 s7 
in basal odlite layers of this unit 
Fossils: 
Olenoides, sp. 
Undescribed and 
trilobite genera 
31. Limestone, shale, and sandstone: 2 
feet of vinaceous-pink, very thin 
and unevenly bedded, micaceous, 
calcareous, shaly, very finely- to 
medium-grained sandstone at base; 
this sandstone overlain by dark- 
neutral-gray, thin-bedded, com- 
pact nodular, arenaceous, unevenly 
bedded limestone with many shale 
partings, overlain by andora-green, 
very thin-bedded calcareous shale 
that weathers to small tea-green 
chips; shale and limestone thinly 
interbedded on top part. Much of 
the unit poorly exposed 
30. Limestone and shale: mouse-gray, 
thin-bedded, finely crystalline 
limestone with some clay partings; 
some shale as described in unit 31 
interbedded; 2 feet of graphalium- 
green, thin-bedded, very pure, 
compact limestone in center of 
unit; all outcrops poorly exposed. . 
29. Covered interval: probably _inter- 
bedded shale and limestone is indi- 
cated by float, animal burrows, and 
few very poor outcrops aoa 
28. Limestone and shale: dark-grayish- 
olive, thin-bedded, micaceous, cal- 


unidentified 


10 








Bla 


it 





40 


100 


70 
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careous shale which forms low, even 
light-buff slopes; interbedded with 
thin beds of dark-gray, thin-bedded, 
finely crystalline, arenaceous, shaly 
limestone that weathers to light 
bluish gray in thin, platy, low out- 
crop; bedding planes uneven; 
poorly exposed outcrops. ....... 

. Limestone: dark neutral gray, thin- 
bedded, finely crystalline, at bot- 
tom of unit bedding is in thin 
laminations (14-1 inch thick); 
bedding becomes thicker and there 
are chert layers 1 inch thick toward 
the middle of the unit; one 4-foot 
bed of odlitic, finely crystalline, 
thin-bedded limestone near middle 
of unit; limestone tends to become 
nodular with uneven bedding 
planes toward top. Fossiliferous 
at top. Fossil locality 101s........ 
Fossils: 

Olenoides, sp. 
cf. Clyphas pidella 
Blainia gregaria Walcott 
Helcionella, sp. 
Undescribed and 
trilobite genera 
Total thickness of Hodges Shale 
pS Pere eto ere 
Total thickness of Bloomington 
Formation........ 
Blacksmith Formation 
26. Dolomite: light gray unevenly banded 
with neutral gray, thick-bedded, 
medium-crystalline; weathers to 
low sloping outcrops with rough 
sugary surfaces. . . 
5. Limestone: dark bluish gray, thin- to 
medium-bedded with uneven bed- 
ing planes; weathers to dark- 
bluish-gray rough surfaces........ 
24. Dolomite: very light gray, thick- 
bedded, medium-crystalline, and 
interbedded with thicker, more 
numerous beds of a blotchy mottled 
thick-bedded dolomite of same 

NM ee 

3. Dolomite: very light gray, thick- 
bedded, medium-crystalline; some 
limonite stains in the weathered 
pieces; weathers to very light-buff 
sugary surface. 

2. Dolomite: dark seettens gray, , thick- 
bedded, medium-crystalline; arena- 


unidentified 


nm 
Y 


iS] 


rm 


Feet 


130 


200 


540 


1495 


80 


60 


50 


21. Dolomite: very light gray, thick- 
bedded; contains many small cal- 
cite crystals and some limonite 
flakes and pseudomorphs after 
pyrite; weathers to drab, very light- 
buff sugary surface; some beds with 
dark-gray streaks and mottles in 


CURR oon e his aes 
Total thickness of Blacksmith 
i. er ae ee err ae 


Ute Formation 


20. Limestone: light-neutral-gray, thick- 
bedded, finely crystalline, slightly 
arenaceocus limestone containing 
many small crystals of calcite; 
weathers to high light-neutral-gray 
ledges with rough sugary surfaces 
at base of unit; middle part of unit 
weathers to light lavender-tinged 
gray surface; upper part is darker 
gray and weathers to dark-gray 
ledges. 

19. Limestone and omiaeen: dark-blue- 
gray, thin-bedded, finely crystal 
line limestone interbedded with 
light-blue-gray, thin-bedded, fine- 
grained calcareous sandstone. 
“Girvanella,’ 14-11% inches in 
diameter, very common... . ; 

18. Limestone: dark blue gray, medium- 
bedded, finely crystalline, arenace- 
ous; some beds more sandy than 
others; interbedded with thinner 
beds of very dark-blue-gray, very 
thin-bedded, medium-grained, 06- 
litic, fossiliferous limestone. Fossil 
locality 101 ml. . 
Fossils: (101 ml) 

Olenoides, sp. 
Alokistocare, sp. 

17. Shale: tea-green, thin-bedded shale 
which weathers on outcrops to 
mahogany-red platy pieces. ...... 

16. Limestone: dark-blue-gray, thin-bed- 
ded, finely crystalline limestone; 
some beds arenaceous; some dark- 
gray, rather nodular, fossiliferous 
limestone thinly interbedded at 
top of unit. “Girvanella” common 
and smaller than in unit 19.. 

15. Shale: tea-green, thin-bedded shale 
which weathers to mahogany-red 
platy pieces 

14. Limestone: dark blue gray, 
crystalline, brittle; has 14-)-inch 
thick arenaceous layers every 4-1 


finely 


653 


Feet 


485 


110 


30 


~ 
wn 





13. Shale: 
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inch which weather to light tan 
yellow; limestone weathers to light 
blue gray. In upper part of unit a 
very few “Girvanella” appear 
duli-greenish-citrine, _ thin- 
bedded, micaceous, arenaceous 
shale which weathers to a duller, 
drabber color. . . 


12. Limestone and shale: citrine-yellow, 


thin-bedded micaceous, arenaceous 
shale interbedded with amber- 
brown to light-gray thin-bedded 
arenaceous finely crystalline lime- 
stone containing much limonite. . . 


11. Limestone and shale: dull-citrine to 


citrine-yellow, thin-bedded, _fine- 
grained, arenaceous, micaceous 
shale intercalated with thin layers 
of dark-bluish-gray thicker-bedded, 
finely crystalline, odlitic limestone, 
both of which are interbedded with 
1—2-foot layers of dark-livid-brown 
to warm-blackish-brown, _ thick- 
bedded, finely crystalline, odlitic 
limestone 


10. Sandstone and limestone: citrine 


yellow, thin-bedded, fine-grained, 
calcareous, shaly, micaceous sand- 
stone interbedded with mottled 
neutral-gray and deep-livid-brown, 
thin-bedded, finely crystalline, 
silty limestone which weathers to 
dull mahogany red and which is 
overlain by a bed of purer dark- 
green-blue-gray finely crystalline, 
slightly arenaceous limestone which 
shows shadows of odlitic struc- 
ture alee ‘ pao ied ‘ 
Total thickness of the Ute Forma- 
ree 


Langston Formation 
9. Limestone: 


medium bluish gray, 
thick-bedded, finely crystalline; 
weathers to very light bluish gray, 
lined with very light-gray streaks 
parallel to bedding. . 


8. Dolomite: mottled, neutral gray to 


dark neutral gray, thick-bedded, 
finely crystalline; becomes less 
mottled, lighter in color, and 
arenaceous toward top of unit; 
weathers to reddish-buff, sugary- 
surfaced chunks 


7. Limestone: dark neutral gray to 


bluish gray, thick-bedded, finely 
crystalline; some small veins light 


Feet 


20 


10 


Ww 
nn 


4. Limestone 
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tan to buff on weathered surfaces; 
some beds slightly nodular; “Gir- 
vanella” in upper part of unit but 
not numerous 


6. Covered interval: much limestone 


float; bank in lower part as well as 
scarcity of limestone float indicate 
contact of shale (described below) 
and limestone in lower part of 
interval 


Spence Shale Member 
5. Shale: dark grayish olive to olivaceous 


black, calcareous; weathers to 
small deep-olive-buff to olive-buff 
chips, fossiliferous; forms smooth 
low slopes & 
and shale: vinaceous- 
fawn-colored, thin-bedded,  cal- 
careous, fossiliferous shale con- 
taining lenses of finely crystalline, 
dark-gray limestone. Fossil locali- 
ties 101 a2d and 101 a2c at top of 
this unit beg ee 
Fossils: (101 a2d and 101 a2c) 

‘A gnostus”’ 

Alokistocare, sp. 

Bathyuriscus 

Chancia 

Clap pas pis 

Clavas pidella 

Elrathia 

Kochina 

Olenoides 

Oryctocephalus 

Pachyas pis 

Pagetia 

Spencia 

Taxioura (Ogygopsis) 


Total thickness of Spence Shale Member 
Naomi Peak Limestone Member 
3. Limestone, 


shale, and _ calcareous 
sandstone: dark-bluish-gray, thick- 
to thin-bedded, finely crystalline to 
medium-crystalline, _fossiliferous, 
slightly arenaceous limestone inter- 
bedded and intercalated with 
vinaceous-fawn-colored, calcareous, 
fossiliferous shale. Few feet of 
dark-neutral-gray, medium-bedded, 
medium-grained, very calcareous 
sandstone at base: sandstone 
weathers to between deep olive 
buff and olive buff low outcrops; 
calcareous cement leaches out 
easily on weathered surfaces and is 
not present 14-1 inch from outside 


Fee, 


155 


19 
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Feet 


surface. Fossil localities 101 a2, 101, 
a2a, 101 a2b. 
Fossils: (“Ptarmigania” strata) 
Albertella 
Clavas pidella 
Dolichometopsis 
Kochas pis 
Kochiella 
Kochina 
Oryctocephalus 
Poulsenia 
Prozacanthoides 
Ptarmigania 


Thickness of Naomi Peak Member..... 32 
Total thickness of Langston Formation.. 484 


LowER CAMBRIAN AND PRECAMBRIAN (?) 


Pioche (?) Shale 

2. Shale and quartzite: greenish-bufi, 
micaceous, fucoidal, sandy, and 
silty shale in beds 2-4 feet thick 
interbedded with thin- to medium- 
bedded, fine- to medium-grained, 
dark-reddish-brown, purple, green, 
and pink sandstone and quartzite 
in beds 10-20 feet thick. Weathers 
darker brown than underlying 
quartzite and contains much more 
shale. Thickness of formation not 
measured but estimated to be about 
150 feet on south side of High 
Creek Canyon at forks. 

Prospect Mountain Quartzite 

1. Quartzite: pink to red, medium- 
grained, cross-bedded thick-bedded 
units interbedded with few purple 
and green units. Not measured, but 
estimated to exceed 3000 feet. 
(Thickness in south part of Preston 
quadrangle, about 10 miles north 
of High Creek, given by Williams 
(1948, p. 1132) as 4800 feet with 
base not exposed). 


Section on the North Fork of Mill Creek and 
Spence Gulch section—Spence Gulch, the type 
locality of the Spence Shale Member of the 
Langston Formation, is a tributary of the Left 
Fork of Mill Creek. It joins this fork in sec. 
12, T. 13 S., R. 42 E. (Boise Base and Merid 
lan), and extends about 1 mile southeastward 
‘rom the junction before it opens into a rather 
wide basin. Only parts of the Prospect Moun- 
tain Quartzite and Spence Shale are well ex- 
posed, and other formations are covered with 





soil. The Spence Shale, however, can be traced 
northward along the strike to excellently ex- 
posed outcrops of the lower Middle Cambrian 
formations in sec. 2, T. 13 S., R. 42 E., on the 
divide between Mill Creek and the North Fork 
of Mill Creek. Here, a partial section, including 
the lower part of the Ute Formation, the Lang- 
ston Formation, and the upper part of the 
Prospect Mountain Quartzite, was measured 
and described by the writer in 1940. This lo- 
cality is probably the same as, or very close to, 
the locality where Walcott described the Middle 
Cambrian formations on ‘Mill Creek, west of 
Liberty” (Resser, 1939b, p. 13-14) in 1906. 
Walcott’s descriptions, especially of the Lang- 
ston Formation, do not agree with the observa- 
tions of the writer, whose Mill Creek section is 
given here. 


North Fork of Mill Creek Section, Bear River Range 


MIppLE CAMBRIAN 


Feet 
Ute Formation 

7. Limestone and shale: poorly exposed 

outcrops of light-green to greenish- 

tan fissile shale interbedded with 

dark-gray, compact, thin- to 

medium-bedded argillaceous lime- 
aes ARS Warns ne not measured 

Langston. Formation 

6. Dolomite: light gray to dark gray, finely 

to coarsely crystalline, compact to 

porous with much limonite along 

joint cracks and bedding planes, 

medium-bedded to massive; weath- 

ers to bright orange-tan slopes and 

to dull, dark-tan, blocky, sugary- 
Subinced OULCIOPS. 5. 5.55005 155 

5. Limestone: dark neutral gray, finely 

crystalline, thin- to medium- 

bedded; some beds contain silty 
partings and mottles.............. 170 

4, Limestone and shale: very poorly ex- 

posed outcrops of unit 5 shale in 
WWE SOO WM, 0.6 ccisctiicisscs BB 

Spence Shale Member 

3. Shale: fuscous black and light tea 

green poorly exposed, argillaceous, 
WON os civ resto vane sists 65 

2. Covered interval: contact of the shale 

with “Pilarmigania strata’, and con- 

tact of Naomi Peak member with 

Prospect Mountain quartzite (?) 

probably concealed by soil in this 
PRENS cp isk ccs eee raed ans ats 20 
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Feet 

Total thickness of Spence Shale and 
Naomi Peak Member... . 85 
Total thickness of Langston Formation. . 490 


LOWER CAMBRIAN AND PRECAMBRIAN (?) 


Prospect Mountain Quartzite (?) 
1. Sandstone: army brown, medium- 
grained, slightly calcareous, mica- 
ceous, medium-bedded. . . .not measured 


The writer also measured, described, and 
collected from the Spence Shale at the type 
locality. R. A. Spence, son of the discoverer 
of the Spence Shale at Spence Gulch, showed 
the writer the exact place in Spence Gulch 
where he recalled that Walcott measured and 
collected from the Spence Shale Member. 
Spence Gulch is a strike valley cut in the Spence 
Shale; the east side of the valley is a dip slope 
of the more resistant Prospect Mountain 
quartzite, and the west side is formed of the 
limestone and dolomite overlying the Spence 
shale. Most of the shale member is covered, 
but, midway between the head and mouth, the 
stream has undercut the west side of the gulch 
and removed the soil, thus exposing a steep 
outcrop which Walcott designated the type 
locality of the Spence shale. The writer re- 
measured and collected from the Spence at this 
locality (Fig. 1). 


MippLE CAMBRIAN 
Feet 
Langston Formation 

5. Dolomite: very light to dark gray, 

finely to coarsely crystalline, com- 

pact to porous with much limonite 

along joint cracks and _ bedding 

planes, medium-bedded to massive; 

bright orange-tan 
not measured 


weathers to 
slopes 
4. Limestone: dark neutral gray, com- 
pact, thin- to medium-bedded 
not measured 
Spence Shale Member 
3. Covered interval not measured 
2. Shale; fuscous black and light tea 
green; argillaceous, fossiliferous...... 50 
Fossil locality 11la 
Fossils: (111a) 


“Agnostus”  _Elrathia 
Alokistocare Zacanthoides 
Bythicheilus  Acrotreta 


Bathyuriscus Acrothele 
I phidella 


Chancia 


Feet 

Clappaspis  Hyolithes 
Covered interval Pact eae 0 
Total thickness of Spence Shale 70 


LOWER CAMBRIAN AND PRECAMBRIAN (?) 


Prospect Mountain Quartzite (?) 

1. Sandstone and quartzite: poorly ex- 
posed outcrop of white, medium- 
grained, medium-bedded sandstone 
with flecks of limonite which over- 
lies purplish to maroon, medium- 
grained, medium-bedded quartzite 

not measured 


Section in the Left Fork of Blacksmith Fork 
Canyon.—This section is on the north side of 
the canyon (Fig. 1); the base of the measured 
section is in the NW }4 sec. 23, T. 11 NR 
3 E., on the prominent spur about a quarter oi 
a mile east of the Lucky Star mine. The line 
of the section runs northerly up the spur. 

Outcrops of lower Middle Cambrian forma- 
tions are well exposed from the Prospect Moun- 
tain-Langston contact upward to the Black- 
smith-Bloomington contact. The Spence Shale 
Member is absent at this locality as at Black- 
smith Fork and at Temple Ridge, and the lower 
dolomite of the Langston is thicker and 
conformable with the Prospect Mountain 
Quartzite. 


MIDDLE CAMBRIAN 


Feei 
Bloomington Formation........ not measured 
Blacksmith Formation 

23. Dolomite: between medium and dark 

neutral gray, finely crystalline, thin- 

to medium-bedded; many beds are 

odlitic; one bed near the top of the 

unit is light mouse gray, compact, 
saccharoidal zs 

22. Dolomite: banded neutral gray and 

dark gray, darker bands approxi- 

mately 6 feet thick, light bands ap- 

proximately 20 feet thick; light 

band composed of very compact, 

very dolomitic limestone and 

dolomite which is laminated and 

weathers to smoke-gray surfaces; 

contains splotches of limonitic, silty 

material; dark-gray bands are com- 

posed of coarsely crystalline, 

medium-bedded dolomite. Mud 

cracks observed in the basal light 

band 
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1. Dolomitic limestone: neutral gray, 
laminated, very compact; laminae 
show very plainly on smoke-gray 
weathered surfaces; laminae slightly 
silty at base of unit, siltier and 
sandy up section. 

20. Dolomite: light neutral gray, 
crystalline,  thick-bedded; _sac- 
charoidal. .. . ; 

9. Dolomite: blackish gray, very finely 
crystalline, compact, thin- to 
medium-bedded; very uneven bed- 
ding planes; contains veinlets of 
calcite and limonite; slightly fetid; 
weathers to low outcrops slightly 
darker 

. Dolomite: light neutral grav, finely 
crystalline, thick-bedded; 
textured ee ee : 

17. Dolomite: dark neutral gray, very 


we 


—_ 


— 
oo 


sugary- 


finely crystalline, medium-bedded; 
weathers to sugary-surfaced, slightly 
lighter-gray, prominent outcrops; 
banding due to slightly different 
grain size of lighter and darker 

shades of gray at the base 
Total thickness of the Blacksmith 

Formation. . 
Ule Formation 

16. Limestone: dark gray, finely crystal- 
line, compact, brittle, thin- to 
medium-bedded; weathers to tan- 
surfaced, blocky ledges; silty part 
tings or relatively even bedding 
planes; some bedding planes very 
uneven; fossiliferous in middle part 
of unit 
15. Odlitic limestone: light-gray matrix 


with dark-gray odlites approximately 


1 mm. in diameter; thick to thin- 
bedded Pes otc 
14. Limestone: dark gray, very finely 
crystalline, compact, 
medium-bedded, very 
siliferous at base of unit; some algal 
and intraformational conglomerate 
beds; some beds sandy 
Fossil locality 105 k 
Fossils: (105 k) 
Olenoides 
Alokistocare 
Acrotreta 
13. Covered interval: float indicates that 
unit is similar to unit 14 
12. Silty limestone and shale: very light 
bluish-gray, laminated, silty lime- 


pure; fos 


thin- to 


Feet 


80 


85 


70 


235 


50 


stone interbedded with dark-olive 


shale; few interbedded layers of 
dark-gray, very finely crystalline, 
thin- to medium-bedded, pure lime- 
stone. Outcrops poorly exposed 

11. Limestone: light gray, finely crystal- 

line, thin-bedded, silty; interbedded 
with dark-gray, very finely crystal- 
line, compact, thin- to thick-bedded 
limestone with many silty-concen- 
trated layers and areas which stand 
in relief on weathered surfaces and 
which weather light tan 

10. Siltstone and shale: very light-bluish- 

gray, laminated, calcareous siltstone 
which grades into, and is interbedded 
with, very pure, dark-olive to 
citrine-drab shale. . . 

9. Limestone: dark gray, finely crystal- 
line, thin- to medium-bedded; silty; 
contains siltier mottles and streaks 
which weather to dull light tan and 
stand in relief on weathered surfaces; 
outcrops poorly exposed; some lime 
SEONG VECY MUFC... 65k ois ‘is 

8. Covered interval: talus-covered slope; 
talus resembles unit 9 

7. Shale: citrine drab, 
weathers to 


laminated; 
argus-brown; fissile; 
outcrops on well-exposed slopes 
Fossils: (105 F) 

Elrathina? 
Total thickness of Ute Formation 


Langston Formation 


6. Dolomite: dark gray, finely crystal 
line, medium-bedded to massive, 
weathers to dark-tan, sugary-sur- 
faced, high ledges 

5. Limestone: dark gray, finely crystal- 
line, thick-bedded, many flecks of 
limonite throughout 
rocks; few beds of intraformational 


disseminated 


conglomerate and algal limestone; 
fossiliferous. Fossil locality 105 D 20 
feet from base of unit 
Fossils: (105 D) 
Glosso pleura 
Glyphas pis? 
4. Limestone: light 
finely crystalline, compact, lami 
nated, 
smooth light-tan surfaces 
3. Dolomite: light neutral gray, medium 


neutral gray, very 


saccharoidal; weathers to 


crystalline, massive; weathers to tan, 
sugary-surfaced, high ledges 
2. Dolomite: medium gray, finely crystal 
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Feet 


80 


30 


10 


675 


40 


12 


5 
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Feet 
line, compact, medium-bedded to 
massive; very sandy at base, less 
sandy upward in section; weathers 
to dark-tan, sugary-surfaced out- 
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LOWER CAMBRIAN AND PRECAMBRIAN (?) 


Prospect Mountain Quartzite (?) 

1. Sandstone and shale: brownish-white, 
medium-bedded to massive, 
medium- to fine-grained sandstone 
of speckled appearance due to fine 
limonite grains disseminated 
throughout; thin layers of inter- 
bedded, tawny-olive, micaceous, 
limonitic shale........... not measured 


South Cottonwood Canyon section, Blacksmith 
Fork.—South Cottonwood Canyon is approx- 
imately 11 miles east of Hyrum, Utah, and is 
a tributary to Blacksmith Fork. The following 
section was measured on the west side of the 
canyon in SE ¥ sec. 18, T. 10 N., R. 3 E. The 
base of the section is approximately 1 mile 
south of the base of the section Deiss measured 
in 1937. 

In this section, as in the sections in Black- 
smith Fork, in the Left Fork of Blacksmith, 
and on Temple Ridge, the Spence Shale Mem- 
ber is not present, and the lower dolomites of 
the Langston Formation are thicker and con- 
formable with the Prospect Mountain Quartz- 
ite (?). 


MIppLe CAMBRIAN 


Langston Formation 
Feet 
4. Dolomite: light to dark gray, finely to 
coarsely crystalline, compact to 
porous with much limonite along 
joint cracks and bedding planes, 
medium-bedded; weathers to bright 
orange-tan slopes and to dull tan, 
blocky, sugary-surfaced outcrops; 
nonfossiliferous. .... . ice teste a 
3. Limestone: dark neutral gray, com- 
pact, thin- to medium-bedded, nodu- 
lar; contains many buff to tawny- 
olive limonitic partings; several beds 
of intraformational 
few algal and _ odlitic 
siliferous at center of unit. 


conglomerate; 
beds; fos- 


Fossil 
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FP " 
locality 97 b 25 feet from base of 
unit... 
Fossils: (97 b) 

Glossopleura 
Clavas pidella? 

2. Dolomite: dark-gray, finely crystalline, 
pact, limonitic dolomite, unfos- 
SNE 6 5.5 cis os caine, ; 
Total thickness of Langston Forma- 

Wg aroused ences .. 
LOWER CAMBRIAN AND PRECAMBRIAN (?) 
Prospect Mountain Quartzite (?) 

1. Sandstone: brownish white, medium- 
bedded to massive, medium- to fine- 
grained; characteristic speckled ap- 
pearance due to fine grains of 
limonite shot through the sandstone; 
weathers to dark reddish-tan, poorly 
exposed outcrops. . . not measured 


on 
an 


Blacksmith Fork section—This section was 
measured by Walcott (1908a, p. 5-9) and was 
established by him as one of the most important 
Cambrian sections in the Western Cordillera 
All the formations named by him have been 
recognized throughout northeastern Utah and 
southeastern Idaho. Adoption and use of the 
formational names by geologists of the U. $ 
Geological Survey (Mansfield, 1927; Black- 
welder, 1909; Richardson, 1913; 1941) and 
Deiss’ (1938, p. 1105-1124) excellent redefini- 
tion of them bolstered their validity and greatly 
extended the area in which they were used. 
Resser’s (1939b, p. 6-7) discussion of the 
Cambrian section in the area further influenced 
geologists to accept the Blacksmith Fork sec- 
tion as the standard for northern Utah and 
southern Idaho. 

The observations of the writer coincide with 
Deiss’ (1938, p. 1105-1124) descriptions. There- 
fore, the section is not redescribed in this report 
The Blacksmith Fork section (Fig. 1) is not the 
most representative or “typical” of Cambrian 
stratigraphy in the Bear River Range. Two 
near-by sections, the High Creek and Calls 
Fort sections, are better exposed and mort 
easily accessible, and contain more typical 
formations and more faunal horizons. The 
prominent lithofacies change in the Langston 
Formation where the Spence Shale and Naom! 
Peak Limestone Members pinch out to the 
southeast begins only a few miles north and 
west of Blacksmith Fork, and these two mem- 
bers are missing in the Blacksmith Fork section. 
They are important markers throughout the 
rest of the area from the Logan River to the 
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LOCATION AND GENERAL DESCRIPTION OF SECTIONS STUDIED 


Bannock Range and from the east side of the 
Bear River Range to west of the Wasatch 
Range and Wellsville Mountain. Thus the 
High Creek section, which is thicker and more 
centrally located within the area of outcrop 
of the formations, contains formations with 
more typical facies and more numerous faunal 
horizons. For these reasons, the High Creek 
section is considered the ‘“‘standard”’ for north- 
eastern Utah and southeastern Idaho in this 


paper. 
North Part of the Wasatch Range, Utah 


General statement.—The Wasatch Range ex- 
tends from Mt. Nebo, just northeast of Nephi, 
Utah, northward approximately 140 miles to 
the north end of Wellsville Mountain, about 20 
miles north of Brigham City, Utah. Northward 
from Wellsville Mountain is a broad low gap 
through which Bear River has cut a deep can- 
yon. This gap is bounded on the north by the 
south end of the Malad Range. The Bear 
River Range is an east prong of the Wasatch 
Range which branches eastward from the main 
range in the latitude of Brigham City and then 
parallels it on the opoosite side of Cache Valley 
for early 30 miles. The Wasatch Range is 
complexly folded and faulted, and outcrops of 
rocks of Cambrian age are common especially 
along the west front. Well-known exposures 
occur on Wellsville Mountain, especially east 
of the Calls Fort monument, about 7 miles 
north of Brigham City, Utah; in the vicinity 
of Ogden Canyon east of Ogden, Utah; and in 
Big Cottonwood Canyon, east of Salt Lake 
City, Utah (Fig. 1). The formations in Wells- 
ville Mountain are all lithogenetic equivalents 
of the formations in the Bear River Range, and 
the Cambrian section near Calls Fort is prob- 
ably as nearly complete as any section in 
northern Utah. South of Brigham City, Utah, 
the Cambrian section is incomplete, and evi- 
dence presented in the following paragraphs 
Suggests that most of Medial Cambrian and 
all of Late Cambrian time is unrepresented by 
rocks in most of the Wasatch Range. Cambrian 
sediments similar to those in the Bear River 
Range were probably deposited but were re- 
moved by erosion before Late Devonian time, 
although the Medial Cambrian-Devonian 
hiatus in the Wasatch Range may, in part, also 
represent a period of nondeposition. 

Calls Fort section —Cambrian rocks are well 
exposed in the Calls Fort area on the west side 
of Wellsville Mountain from far down in the 
Prospect Mountain Formation to the contact 
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of the St. Charles Formation (Upper Cambrian) 
with the Garden City Limestone (Ordovician). 
The west side of the mountain is steep, and the 
rock outcrops occur chiefly as cliffs and high 
ledges. These excellently exposed outcrops ex 
tend from the latitude of Brigham City to a few 
miles north of the Calls Fort monument, a dis- 
tance of more than 8 miles. 

Field parties of the 40th Parallel Survey 
(1867-1877) were probably the first geologists 
to examine and collect fossils from the Cam- 
brian rocks in this area. During this period, 
Meek collected fossils from the formations be- 
tween the Prospect Mountain (“Brigham”) 
Quartzite and the Blacksmith Formation 
(Resser, 1939b, p. 8, 12), and Resser and others 
collected from a near-by locality in 1926 
(Resser, 1939b, p. 8, 12). Although this section 
is one of the most extensive, best exposed, and 
most readily accessible of the Cordilleran Cam- 
brian sections, none of these workers measured 
and described it in detail. Walcott (1908a, 
p. 8-9) named it the type locality for the 
Brigham quartzite and published an estimated 
thickness of 2000 feet for it. Resser (1939b, 
p. 12) described former work in the vicinity 
of Brigham City, published an incomplete de- 
scription of part of the Ute Formation, and 
listed fossils which are from mixed collections 
but presumably came from the Naomi Peak 
Limestone Member (his ‘*Piarmigania strata”’). 
He had previously (1939a, p. 2-3) listed the 
same fossil localities for collections of specimens 
which he said were presumably from the Spence 
Shale Member. 

Williams and Maxey (1941, p. 276-285) 
briefly mentioned the significance of the se- 
quence of Cambrian formations in the Calls 
Fort section. Denson (1942, p. 23-27) measured 
the upper part of the Middle Cambrian section 
in 1941 and collected from three important 
fossil zones. He also described the Calls Fort 
Shale Member of the Bloomington Formation 
and designated the west side of Wellsville 
Mountain, near the Calls Fort monument, as 
its type locality. Williams (1948, p. 1131-1135) 
mentioned the Cambrian rocks in Wellsville 
Mountain and briefly described the relation- 
ships between the formations there and in the 
Logan quadrangle. 

The following section was measured and 
described by the writer in 1940. The lower part 
was further examined and remeasured in 1950. 
The base of the section is on the ridge between 
the second and third canyons south of a point 
due east of the Calls Fort monument (Fig. 1) 
and is in the SE 14 of sec. 14, T. 10 N., R. 2 W. 
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The line of the section follows the ridge upward 
and northeastward. The upper part of the sec- 
tion (from the top of the middle member of 
the Bloomington Formation to the top of the 
Bloomington Formation) was measured on the 
second spur to the north, on the north side of 
Precipice Canyon. 

The best and most readily accessible ex- 
posures of the Spence Shale Member and the 
Bloomington Formation in northern Utah and 
southeastern Idaho occur on Wellsville Moun- 
tain. Walcott’s type locality of the Brigham 
quartzite is approximately 5 miles south on the 
first prominent spur of the Mountain, north of 
Brigham City. 


Calls Fort Section, Wasatch Range 
UppeR CAMBRIAN 


Nounan Formation 


Feet 
31. Dolomite: neutral gray, finely crys 
talline, thin-bedded to laminated; 
weathers to lighter-gray sugary 
outcrops 85 


MIppLE CAMBRIAN 


Bloomington Formation 
30. Limestone: dark neutral gray, finely 
crystalline, medium- to thick- 
bedded; fossiliferous; contains two 
obdlitic beds near top of unit 35 
Calls Fort Shale Member 
29. Shale and limestone: neutral-gray, 
slightly calcareous shale; contains 
nodules of slightly lighter-gray 
limestone which tend to weather 
out, leaving holes on the faces of 
well-exposed outcrops; shale weath 
ers to dark-olive-buff, blocky out- 
crops. Few interbedded thin layers 
of odlitic dark-gray limestone and 
dark-neutral-gray, finely crystalline 
thin-bedded limestone throughout 200 
Total thickness of Calls Fort Shale 
Member 200 
28. Limestone: dark neutral gray, finely 
crystalline, thin-bedded; irregularly 
interbedded and intermingled with 
thin beds and irregular masses of 
fawn-colored siltstone and shale 
which stand in relief on weathered 
surfaces at base of unit; this is 
overlain by dark-neutral-gray to 
neutral-gray, thin-bedded, finely 


crystalline limestone shot through 
with very thin shaly partings and 
specks and veinlets of calcite. Top 
of unit contains a few odlitic beds 
which have sandy and silty partings 
which weather in relief to very light 
buff 


Hodges Shale Member 
27. Shale and silty limestone: dark 


mouse-gray, micaceous shale which 
weathers to drab (when well ex 
posed weathers to between army 
brown and natal brown); limestcne 
is dark neutral gray, finely crys 
talline, thin-bedded; _ irregularly 
interbedded and intermingled with 
thin beds and irregular masses of 
fawn-colored siltstone and_ shale 
which stand in relief on weathered 
surfaces. In weathered outcrops 
units is tawny olive. Fossiliferous, 
brachiopods throughout upper part 
of unit. Fossil locality 103 cc at 
top of unit 
Fossils: (103 cc) 

Olenoides 

H yolithes 

W estonia 

Lingulella 

Obolus 
Fossils locality 103 ccl is 125 feet 
from top of unit. 
Fossils: (103 ccl, 

Olenoides 

Undescribed genera 
Fossil localities 103 cc2 and 103 
cc3 are 175 feet from top of unit 
Fossils: (103 cc2) (103 cc3 

Olenoides 

Undescribed genera 
Total thickness of Hodges Shale 

Member 
Total thickness of Bloomingtor 

Formation 


Blacksmith Formation 
Dolomite and dolomitic limestone 


mostly light neutral gray with few 
beds of dark neutral gray, compact 
to medium crystalline; not re 
markably banded in contrast to 
unit 25; some laminated beds; 
weathers to pale smoke gray 
Dolomitic limestone chiefly in 
upper fourth of unit 


25. Dolomite: neutral gray and dark neu 


tral gray, fine to medium crystal 
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line, massive; cliffs banded by alter- 


nating lighter and darker shades; 


cross-bedding common; 06- 
litic beds... 
Total thickness of the Blac kemnith 
Formation. . 
Ute Formation 
24. Limestone: dark neutral gray, 
crystalline, thin-bedded, 
silty and sandy partings 
present but not conspicuous; 
upper third of unit notable for 
irregular streaking of dark neutral 
and light neutral gray; grades into 
dolomite 
23. Sandstone: 


some 


finely 
sandy; 


dark swateal | gray, fine- 

thin-bedded, calcareous, 
micaceous; silty and sandy partings 
and sandier beds weather to tawny- 
olive surfaces; some cross-bedding 

22. Shale: citrine drab, laminated, 
micaceous, weathers to argus brown 
on well-exposed surfaces. . . 

. Limestone: dark neutral gray, finely 
crystalline, thin-bedded, sandy; 
bedding marked by very conspicu- 
ous laminae of fine sand and silt 
that weather into relief to between 
natal and bone brown; gray layers 
weather to much lighter gray 


grained, 


20. Shale: citrine crab, laminated; 
weathers to argus brown on well- 
exposed surfaces; _ fossiliferous. 
Fossil locality 103 t at base of this 
unit : Spe 
Fossils: (103 t) 

Olenoides 
Ehmaniella (?) 
Obolus 

19. Limestone: neutral gray to dark 

neutral gray, odlitic and finely 


crystalline; 
thin-bedded; 


lower compact phase 
upper odlitic phase 
medium-bedded to massive; con- 
spicuous beds of 
glomerate at 
conglomerate contains pebbles 
1-144 inches long. Odlitic bed 50 
feet from top of unit is fossiliferous. 
Fossil locality 103 s 
Fossils: (103 2) 
Olenoides 
Alokistocare 
18. Shale: drab, 
weathers to argus brown on well 
exposed surfaces. . 


edgewise-con- 


base of unit; 


citrine laminated; 


Feet 
17. Limestone; dark neutral gray, finely 
crystalline, thin-bedded, sandy; 
bedding marked by very conspicu- 
410 ous laminae of fine sand and silt, 
between natal and bone brown that 
805 weather into relief; gray layers 


weather to much lighter gray 
Shale; citrine drab, laminated, weath- 


16. 


= 


ers to argus brown on well-exposed 


surfaces... . 


15. Limestone: dark neutral gray, finely 


crystalline, thin-bedded, 


sandy; 


bedding marked by very conspicu- 
ous laminae of fine sand and silt, 
90 natal and bone brown that weather 
into relief; gray layers weather to 


much lighter gray 


14. Shale: citrine drab, 


laminated; 


weathers to argus brown on well 


113 exposed surfaces... . 


13. Limestone: dark neutral gray, algal 


(Girvanella?), odlitic, 
talline; thin- 


finely 


wn 


crys 


to medium-bedded, 


sandy; characterized by silt and 


clay partings which 


weather to 


tawny olive and stand in relief on 


weathered surfaces; upper part of 


unit is thin-bedded 


12. Shale; citrine drab, laminated, weath 
30 ers to argus brown on well-exposed 


surfaces. . 


11. Limestone: dask neutral gray, odlitic, 


thin-bedded, 


some cross-bedded; 


lower and upper quarters of unit 
40 characterized by conspicuous silty 
partings which weather to tawny 
olive and stand in relief. Girvanella? 


conspicuous in upper part 
10. 


> 


Shale: citrine drab, laminated; weath 


ers to argus brown on — 


surfaces 
9. Limestone: dark neutral gray, 


sive, odlitic; 


mas 


upper third of unit 


lighter color and thinner-bedded 


with conspicuous silt partings 


8. Shale: citrine drab, laminated; weath 


ers to argus brown on well-exposed 


surfaces; fossiliferous. 
Fossil locality 103 F 
80 Fossils: (103 F) 
Glossopleura, sp. 
Kootenia 
Zacanthoides 
Acrotreta 
Acrothele 
6 I phidella 
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30 


26 


80 


~ 


40 
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Hyolithes 
Total thickness of Ute Formation 


Langston Formation 
7. Dolomite: light gray, fine to medium 


crystalline, massive; weathers to 
buff-brown, sugary surfaces; middle 
portion characterized by irregular 
banding due to slightly different 
crystal size expressed in color on 
weathered surfaces, the finely crys 
talline parts appearing slightly 
darker 


6. Limestone and _ siltstone:  dark- 


neutral-gray, finely crystalline, 
nodularly bedded limestone with 
irregular partings of silty lime- 
stone which stand in relief on 
weathered surfaces and weather to 
between natal and bone brown. 
Siltstone is smoke gray, calcareous, 
laminated; forms upper three 
quarters of unit 


Spence Shale Member 


5. Shale: neutral gray, laminated, cal 


careous; weathers to citrine olive 
and, on well-exposed outcrop sur 
faces and edges; to mahogany red; 
unit remarkably uniform; fossilif 
erous; lower 15 feet fuscous-black, 
laminated shale which weathers to 
light-drab surfaces. Fossil locality 
103 c 

Fossils: (103 c) 


Bathyuriscus Spencia 
Alokistocare Clavas pidella 
“A gnostus” Acrothele 
Elrathia I phidella 
Chancia Wimanella 


Glosso pleura Hyolithes 
Taxioura-Ogy- 
gopsis 


4. Silty limestone and shale: thin-bedded 


to laminated silty limestone; lami- 
nations marked by  clay-rich 
laminae, between natal and bone 
brown that stand in relief on weath 
ered surfaces; lower half of unit 
with 2 layers of fuscous-black, 
laminated, calcareous, fossiliferous 
shale 

Total thickness of Spence Shale 

Member 


Naomi Peak Limestone Member 
3. Limestone: saccharoidal, light neutral 


gray, finely to medium crystalline, 


porous, some odlites; massive, 


Feet 


621 


90 


125 


Fa 
sandy throughout, some sand con 
centrated in wavy, discontinuous 
partings that stand in relief on 
weathered surfaces. These are 
Resser’s ‘‘Plarmigania _ strata”, 
Fossil locality 103 A 
Fossils: (103 A) 

Plarmigania 
Albertella 
Taxioura (Ogygo psis) 
Clavas pidella 
Kochas pis 
Prozacanthoides 
Oryctocephalus 
Total thickness of Langston 
Formation 
LOWER CAMBRIAN 
Pioche (?) formation 
2. Quartzite and shale: reddish-brown, 
medium-grained and purple quartz 
ite interbedded with a few dark 
green, medium-grained quartzite 
layers; all quartzite thin- to 
medium-bedded and_ interbedded 
with numerous thin (2 inches to 4 
feet thick) beds of green and tan, 
micaceous, fucoidal shale . 125 


LOWER CAMBRIAN AND PRECAMBRIAN (?) 


Prospect Mountain Quartzite 

1. Quartzite: red and pink, generally 
medium-bedded to massive m« 
dium-grained quartzite flecked 
with limonite pseudomorphs and 
some beds containing a few pebbles 
interbedded with a few thin beds of 
dark-green, medium-bedded, m«¢ 
dium-grained quartzite; weathers 
to brownish-red and pink slopes, 
much lighter in hue than overlying 
Pioche (?) formation. Not meas 
ured, but estimated by Walcott to 
be 2000+ feet thick. Base not 
exposed. 


Willard Peak section —Willard Peak is abou 
10 miles south of Box Elder Canyon and 4 mile 
southeast of the town of Willard, Utah (Fig I 


It is the nearest point south of Wellsville Mout- 


tain at which a sequence of Cambrian quartzit 
shale, and limestone is exposed, because b 
tween Brigham City and Willard the range. 
complexly faulted, and exposures consist chiefl 
of poorly exposed, brecciated quartzite. N 
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LOCATION AND GENERAL DESCRIPTION OF SECTIONS STUDIED 


where on the long north-south ridge of which 
Willard Peak is the highest point is there a 
complete section of Lower and Middle Cam- 
brian formations. However, a_ considerable 
thickness of sediments, including the Prospect 
Mountain Quartzite, Pioche (?) shale, and part 
of the Langston Formation, are exposed as 
part of a thrust sheet near the top of the moun- 
tain. The upper part of the Langston Forma- 
tion is cut off by a thrust fault, and along the 
trace of this fault Prospect Mountain Quartzite 
overlies the limestone. This incomplete section 
is of considerable significance in the Cambrian 
stratigraphy of the Wasatch Range because 
the complete section of the Prospect Mountain 
Quartzite is exposed, lying unconformably on 
Precambrian gneiss and schist. The section 
has been briefly mentioned by Blackwelder 
(1909, p. 519-526) and by Eardley and Hatch 
(1940, p. 835-837). 

The base of the section is about 2000 feet 
down from the crest of the ridge near the head 
of Willard Canyon and at the contact of the 
Precambrian gneiss and the Prospect Mountain 
Quartzite. The line of the section runs eastward 
and up the cliffs to within about 300 feet of the 
crest of the ridge, where the trace of an over- 
thrust mass of Prospect Mountain Quartzite 
cuts off the upper part of the Langston Forma- 
tion. 


Willard Peak Section, Wasatch Range 
LOWER CAMBRIAN AND PRECAMBRIAN (?) 


Prospect Mountain Quartzite 
Feet 
10. Quartzite: red, yellow, and white, 
medium-grained, medium-bedded 
to massive, much shattered and 
deformed. Thickness not measured. 
Trace of thrust fault 
9. Poorly exposed interval covered with 
small shattered fragments of 


quartzite and mylonitic material. 


Mippte CamMBRIAN 


Langston Formation 
8. Limestone and dolomite: dark-gray, 
finely crystalline thin- to medium- 
bedded limestone with silty and 
shaley partings; weathers to light- 
gray ledges and cliffs; interbedded 
with several 4- to 10-foot thick 
green, phyllitic or slaty shale units 
with few beds of green micaceous 


fine- to medium grained sandstone 100 


7. Limestone: similar to limestone unit 
8 but with no phyllitic shale 

6. Shale: 
arenaceous with many micaceous 


green, phyllitic or slaty, 
layers ee Mg oa 

5. Limestone and dolomite: dark-gray, 
finely crystalline thin- to medium 
bedded argillaceous limestone with 
many silty partings; weathers to 
light-grey ledges and is interbedded 

to 4-foot thick units 
finely 


with a few 1 
of steel-gray, 
medium-bedded 


crystalline, 

dolomite which 
weathers to tan and dark-brown 
blocky ledges egies 

4. Shale: greenish brown, phyllitic or 
slaty; weathers to light-gray-green 
ledges..... ee ED 

3. Limestone and dolomite: similar to 
limestone and dolomite of unit 5 
but with considerably more dolo- 
mite and a few sandy limestone 
beds near base of unit 
Total thickness of Langston For- 

mation measured 


LOWER CAMBRIAN 
Pioche Shale 
2. Shale, 
-greenish-brown phyllitic and slaty 


sandstone, and quartzite: 
shale units ranging from a few 
inches to 30 feet thick interbedded 
brown and fine- to 


with red, 


medium-grained, medium-bedded 
sandstone and quartzite in units 
1-3 feet thick; forms slope at base 
of limestone cliffs and top of quartz 
ite cliffs (see below) 

Total thickness of Pioche Shale 


LOWER CAMBRIAN AND PRECAMBRIAN (? 
) 


Prospect Mountain Quartzite 
1. Quartzite: pink and light reddish 
tan, medium- to coarse-grained, 
thin-bedded to massive, with little 
interbedded shale. Estimated thick 
ness 1200 feet, but thickness esti 
mated to range from 700 to 1500 
feet along strike within a mile 
north and south of line of section. 
Unconformably overlies Precam 
brian gneisses and schists. Esti 
mated thickness 
Total thickness of Cambrian strata 
measured and estimated 


663 


Feet 


58 


62 


408 


140 
140 
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Ogden Canyon section Ogden Canyon runs 
eastward from Ogden and is about 10 miles 
south of the Willard Peak area (Fig. 1). The 
same Cambrian formations are exposed in the 
Ogden Canyon area and between Willard and 
Ogden Canyon as are exposed in Willard Peak. 
These formations are parts of thrust sheets 
and in most places are only incompletely ex- 
posed and somewhat metamorphosed. The rocks 
of Cambrian age exposed in this area have been 
briefly discussed by Blackwelder (1909) and 
Eardley and Hatch (1940). 

The Prospect Mountain Quartzite ranges 
from 1000 to 1500 feet in thickness. It uncon- 
formably overlies a thick series of gneisses, 
schists, quartzites, and argillites that have been 
referred to the Proterozoic and “Archean” by 
Blackwelder (1909, p. 520-526) and Eardley 
and Hatch (1940, p. 834-840). It is conformably 
overlain by a thin (125- to 175-foot thick) shale 
and quartzite unit, the Pioche Formation, 
which, in turn, is overlain by the limestone 
and shale beds of the Langston Formation. 
Probably nowhere in this part of the Wasatch 
Range is more than 500 or 600 feet of shale or 
limestone of Cambrian age exposed above the 
Prospect Mountain Quartzite. The writer has 
found unidentifiable fossil fragments only in 
these shales and limestones. Both Blackwelder 
(1909, p. 523) and Eardley and Hatch (1940, 
p. 835-837) reported that the limestone was 
fossiliferous, but published no fossil lists. 

Big Cottonwood Creek and Neffs Canyon sec- 
tions —Cambrian rocks are poorly exposed in 
the Wasatch Range from just south of Ogden 
Canyon to Neffs Canyon, about 6 miles south- 
east of Salt Lake City, Utah, but in this canyon 
and in Big Cottonwood Creek Canyon, ap- 
proximately 5 miles southeast, Cambrian forma- 
tions are exposed as a part of a large fold which 
also contains older and younger rocks. As in 
Ogden Canyon and at Willard Peak, the rocks 
have been considerably folded and faulted and 
are somewhat metamorphosed. 

Descriptions of the Cambrian formations in 
Big Cottonwood Canyon were published in the 
reports of the Fortieth Parallel Survey (Hague 
and Emmons, 1877, p. 366-378). The Cambrian 
rocks were divided into (1) Cambrian quartzites 
and slates, (2) primordial slates, and (3) “Ute” 
limestone. Fossils and lithologic samples col- 
lected by members of the surveys were further 
described by Walcott (1886, p. 38-39; 1890, 
p. 549-550; 1891, p. 156-160; 1908a, p. 12). 
Walcott (1908, p. 12) recognized that the “Pri- 
mordial slates” were the equivalent of the 


Pioche Formation, but he did not describe the 


overlying limestone or the underlying quartzite, 
He considered the basal Cambrian quartzite 
conformable with the great thickness of quartz- 
ites and slates underlying it, which he called 
Algonkian (1890, p. 549-550). Only the Pioche 
Shale, which contains Olenellus gilberti, did he 
consider Cambrian. Blackwelder (1909, p. 
520-523) discovered the angular unconformity 
between the quartzite of Cambrian age and the 
Algonkain (?) quartzite and slate, and pointed 
out that the Cambrian quartzite ranges from 
1000 to 1500 feet in thickness and is conform- 
able with the overlying Pioche Shale. Hintze 
(1913, p. 103-105) discussed the Big Cotton- 
wood Canyon section and the unconformity at 
the base of the quartzite and suggested the 
name “Alta shale” for the shale between the 
basal quartzite and the limestone of Medial 
Cambrian age. He postulated an unconformity 
at the top of the shale, suggested that the lime- 
stone be called the Maxfield limestone, and 
recognized, as had Walcott and others, the 
unconformity between the top of the limestone 
and beds of Mississippian age. Burling (1914, 
p. 111-112) pointed out that the term “Alta 
shale” was not necessary and that there was 
probably no hiatus between the Pioche Shale 
and the “Maxfield limestone” because both 
contained faunas of early Medial Cambrian 
age. Since 1913, the U. S. Geological Survey 
(Calkins and Butler, 1943, p. 9-18) has applied 
the term “Ophir formation” to the shale and 
has accepted Hintze’s “Maxfield limestone” 
Most workers have referred the quartzite at 
the base of the section to the “‘Tintic quartzite”. 

The writer measured the Cambrian shale 
and part of the limestone in Big Cottonwood 
Canyon (Fig. 1) in 1950 when he collected fossils 
from about the middle part of the limestone 
The base of the measured section is at the top 
of the Prospect Mountain Quartzite in sec. 15, 
T.2S., R. 2 E. (Salt Lake Base and Meridian 
and about 800 feet west of the Maxfield Mine 
The line of the section is northeasterly up the 
slope. The formations are poorly exposed in 
this area, and many of the thicknesses are only 
estimates. However, the sequence of units is 
correct. 


Section in Big Cottonwood Creek Canyon, 
Wasatch Range 
MIDDLE CAMBRIAN 
Langston Formation 


6. Covered interval: drift suggests bedrock 
is limestone as in unit 5. Not 
measured. 
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LOCATION AND GENERAL DESCRIPTION OF SECTIONS STUDIED 


Feet 

5. Limestone: black gray to steel gray, 
finely crystalline thin-bedded, fossilif- 
erous; with shaly and silty partings. 
Fossil locality CC1-50, about 20 feet 
above base......... 50 
Fossils: 

Glossopleura cf. producta (Hall and 
Whitfield) Spencia, sp. 

4. Quartzite: brownish tan, very _fine- 
grained, laminated, somewhat cal- 
careous; interbedded with a few beds 
of siltstone; weathers to blocky, dark- 
brown ledges. . fs 20 

3. Limestone: light gray, finely crystalline 
to porcellaneous-textured, contains 
some silty and shaly flecks and 
partings.... 35 
Total thickness of Langston Forma- 

tion measured . 105 


LOWER AND M1IpDLE CAMBRIAN 
Pioche Shale 


2. Shale: greenish black, phyllitic shale 
and slate with many fucoidal mark 


wn 


ings on bedding planes ua: 


LOWER CAMBRIAN AND PRECAMBRIAN (?) 


Prospect Mountain Quartzite 
1. Quartzite: pink, 
medium- to coarse-grained, 


brown, and red, 
thin 
bedded to massive quartzite inter 
with a few thin (1-2 feet) 
layers of dark-green and 
phyllitic shale with many fucoidal 
markings. Not measured, but ap- 
proximately 1000 feet _ thick. 
Unconformable with underlying Pre 
cambrian slate and quartzite. 


bedded 


brown 


In Neffs Canyon the Cambrian rocks are 
better exposed than in Big Cottonwood Canyon, 
and a stratigraphic section from the uncon- 
lormity at the base of the Prospect Mountain 
Quartzite to the unconformity at the base of 
the Mississippian rocks was observed and 
measured in part. The base of the measured 
section is at the contact of the Pioche Shale 
and Prospect Mountain Quartzite on the first 
small south tributary of Neffs Canyon (Fig. 1) 
in sec. 6, T. 2 S., R. 2 E. (Salt Lake Base and 
Meridian). The line of the section is north- 
westerly up the slope to the top of the ridge, 
Where the Mississippian limestones crop out 
4S prominent ledges and cliffs. 


Neffs Canyon Section. Wasalch Range 


MISSISSIPPIAN 


7. Limestone: massive, gray to dark gray 
finely to coarsely crystalline. Forms 
prominent ledges and cliffs. Not 
measured. 


Unconformily 
MIDDLE CAMBRIAN 


Langston Formation 
6. Dolomite: steel gray, finely crystalline, 
thin and irregularly bedded; weath 
ers to light-gray ledges and forms top 
of cliffs above shale slopes; contains 
many shaly and silty partings 


5. Quartzite and sandstone: pinkish 
white, fine to coarse-grained, 
thin- to medium-bedded quartzite 


interbedded with tan fine-grained, 
calcareous sandstone and quartzite 
which thin 
plates; top of unit is pinkish-white 


weathers into brown 
pebble conglomerate about 4 feet 
thick 

4. Limestone: light finely 

crystalline (some beds porcellaneous 

textured), thin-bedded to laminated 


gray, very 


‘with many shaly and silty partings; 
weathers to light-gray and tan ledges 
at base of cliffs above shale slopes. 
Limestone becomes arenaceous and 
irregularly bedded toward top of 
unit 

Total thickness of Langston Forma 

tion 


LOWER AND MippLe CAMBRIAN 


Pioche Formation 
3. Shale and quartzite: greenish-brown 
and olive-green, laminated, sandy, 
micaceous fucoidal shale interbedded 
with a few thin (1-4 inches) layers 
of thin-bedded, fine- to medium 
grained, brown micaceous quartzites 
2. Shale, quartzite, and sandstone: green 


ish-brown and _ olive-green, lam 
inated, arenaceous, micaceous, 
fucoidal shale interbedded with 


brown and greenish-brown, fine- to 
thick 
micaceous sandstone 
quartzite. Much shale and little 


medium-grained, thin- to 


bedded and 


665 


Feet 


62 


66 


142 


9% 
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Feet 
coarser material at top of unit; con 
siderably more coarsely clastic to- 
ward haste unit... 0056.0 6688s 100 
Total thickness of Pioche Formation 198 


LowER CAMBRIAN AND PRECAMBRIAN (?) 


Prospect Mountain Quartzite 

1. Quartzite: white and pinkish white, 
medium- to coarse-grained (some 
beds of small pebble conglomerate), 
medium-bedded with some cross- 
bedding; interbedded with a few thin 
(1-2 feet) layers of greenish-brown 
shale in upper 100 feet of formation. 
Not measured, but estimated to be 
1000 feet thick. 
Total thickness of Prospect Moun- 


tain Quactaite.................. 1000 
Total measured and estimated thick- 
ness of rocks of Cambrian age..... 1340 


The units in these sections compare closely 
with those described by Hintze (1913, p. 103- 
105), and the general sequence is the same as 
other published descriptions (Walcott, 1890, 
p. 549-550; Blackwelder, 1909, p. 520-527; 
Calkins and Butler, 1943, p. 9-18). Also the 
formations are lithologically similar to those 
recognized by the writer in the Ogden Canyon 
and Willard Peak areas except that the un- 
conformity at the top is not recognized in those 
areas. 

Summary.—The data presented indicate that 
the Cambrian sequence in the north part of the 
Wasatch Range, north of Boxelder Canyon 
(Wellsville Mountain), is essentially the same 
as the sequence in the Bear River Range in 
Utah and in southeastern Idaho. South of 
Boxelder Canyon, only the lower part of the 
sequence is known, and the upper part was 
either never deposited or was removed by ero- 
sion. Thus, the “standard” Cambrian sequence 
in this part of the Wasatch Range consists of: 

(1) a basal quartzite unit of variable thick- 

ness, here referred to the Prospect Moun- 
tain Quartzite, unconformably overlying 
the Precambrian gneiss, schist, slate, 
and quartzite and conformably overlain 
by 

(2) a thinner sequence of predominantly 

shaly beds with considerable intercalated 
and interbedded coarser clastics, here 
referred to the Pioche Shale, ranging 
from about 150 to 200 feet in thickness, 
and conformably overlain Ly 


(3) a thin limestone and/or dolomite unit 
with some intercalated and interbedded 
shale and sandstone, the Langston 
Formation, which is truncated by an 
erosional unconformity or by a thrust 
fault. This unit is overlain unconform- 
ably either by older beds in faulted con- 
tact or by dolomite and limestone of 
Devonian (Calkins and Butler, 1943, 
p. 18; Baker, 1947, chart) age or lime. 
stone of Mississippian age (Williams, 
1943, p. 599-600). 

From these characteristics, the Big Cotton- 
wood Creek section is considered the “stand- 
ard” section for most of the Wasatch Range, 


Promontory Range, Utah 


Early and Middle Cambrian rocks in the 
Promontory Range have been mentioned briefly 
by Butler and Heikes (Butler et al., 1920, p. 
499-501), Resser (1939b, p. 6), and Eardley 
and Hatch (1940, p. 801-802), all of whom 
recognized that the sequence on Promontory 
Point at the south end of the range was similar 
to that in the Bear River Range. Resser (1939b, 
p. 6) reported Early Cambrian fossils from 
these rocks but did not give the species or 
locate the zones. In 1950 the writer examined 
the section in Miner’s Canyon, about 3 miles 
northwest of the Crystal Lake Salt Company 
buildings at the southwest end of Promontory 
Point. 

The strata in Miner’s Canyon are much dis 
turbed by thrusts and small normal faults and 
by folds. It was possible, however, to recognize 
the entire sequence of the Bear River Range. 
Because of complex faulting, and because only 
a few fossil-bearing zones were found, no de- 
tailed study was made. Estimates of thickness 
indicate that the Langston Formation and the 
Blacksmith Dolomite may be thinner here than 
at Calls Fort or in Blacksmith Fork Canyon; 
the Ute Formation may be considerably thicker, 
and the Bloomington Formation is less shaly 
but is about the same thickness. As at Calls 
Fort and High Creek, the shale and quartzite 
beds between the Prospect Mountain Quartzite 
and the Langston Formation are doubtfully 
referred to the Pioche Formation. The Prospect 
Mountain Quartzite is approximately 1000 feet 
thick and unconformably overlies Precambrian 
strata. The Pioche (?) formation, the Spence 
Shale Member of the Langston. and the shale 
at the base of the Ute Formation contain frag: 
ments of fossils. Forms characteristic of thé 
Spence Shale fauna elsewhere in Utah ane 
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southeastern Idaho were recognized in the 
Spence Shale Member at Miner’s Canyon. 


LowER AND MippLE CAMBRIAN FORMATIONS 
iv NORTHEASTERN UTAH AND SOUTHEASTERN 
IDAHO AND THEIR REGIONAL 
RELATIONSHIPS 


Prospect Mountain Quartzite (Lower Cambrian) 


DEFINITION AND DISTRIBUTION: The Prospect 
Mountain Quartzite was first defined by Hague 
(1883, p. 27; 1883, p. 254), who designated the 
west side of Prospect Peak near Eureka, 
Nevada, as the type locality. In the type area, 
the formation consists chiefly of reddish-brown 
to pink, medium-grained, thick- to thin-bedded 
quartzite interbedded and intercalated with 
a few thin layers and lenses of micaceous are- 
naceous shale and, near the base of the exposed 
section, with quartzitic conglomerate. Hague 
gives the thickness as 1500 feet at the type 
locality, where the base is not exposed and the 
quartzite is conformably overlain by the Pioche 
Formation. Detailed descriptions of the forma- 
tion are given in another part of this paper. 

The formation has been recognized in sections 
throughout Nevada, Utah, eastern California, 
northern Arizona, and southeastern Idaho in 
an area roughly the same as the Great Basin 
province, but which extends northward and 
southward beyond its boundaries. The 
Prospect Mountain Quartzite is unusually 
uniform and in nearly all areas is conformably 
overlain by shales containing late Early Cam- 
brian or early Medial Cambrian fossils. The 
base of the formation has been positively recog- 
nized in only a few localities in Utah and 
sutheastern Idaho. It unconformably over- 
lies Precambrian formations in the Bannock 
Fange (Ludlum, 1943, p. 973), in the central 
southern parts of the Wasatch Range, and on 
Promontory Point. In the Sheeprock Moun- 
tains, Utah, the quartzite is questionably un- 
conformable upon Precambrian rocks. Else- 
where in Utah and Idaho the base of the 
Prospect Mountain quartzite is covered or has 
not been recognized. The quartzite is 3200 
leet thick in the Bannock Range, approxi- 
mately 1000 feet thick on Promontory Point, 
and ranges from approximately 700 feet to 
1200 feet in the Wasatch. Eardley and Hatch 
(1940, p. 825-826) report 3500 feet of quartzite 
above a questionable unconformity in the 
Sheeprock Range. Known thicknesses of the 
(uartzite in the other areas of outcrop in Utah 
and Idaho range from 300 feet near Ophir, Utah, 
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to more than 6000 feet in the Tintic district, Utah. 
However, the thickness in the Tintic district 
may be the result of duplication by folding and 
faulting, or an unconformity may be present 
within the quartzite. The largest well-exposed 
and unquestioned thickness in the area under 
discussion is in the Bear River Range near the 
Utah-Idaho boundary, where Williams (1948, 
p. 1132) and Church measured 4800 feet of 
quartzite beds (probably includes approxi- 
mately 150 feet of the Pioche (?) formation), 
and the base of the formation is not exposed. 
The maximum known thickness of the forma- 
tion is more than 7855 feet (Humphrey, 1945, 
p. 25-26) in the Groom district, Nevada. 
Wheeler (1948, p. 20) reported thicknesses of 
4750 feet in the Deep Creek Range, Utah, and 
4128 feet in the Nopah Range, California. 
Nolan (1929, p. 463) reported a thickness of 
3700 feet of Prospect Mountain Quartzite 
(Stirling quartzite) in the Spring Mountains, 
Nevada, and the writer has observed approxi- 
mately 4000 feet in the Desert Range, 20 miles 
northeast of the Spring Mountains. 

Within the area of this study the rocks 
previously assigned to the “Tintic quartzite” 
belong in the Prospect Mountain Formation, 
as do rocks assigned to all but the uppermost 
shaly units of the so-called “Brigham quart- 
zite”. The uppermost shaly units are here 
doubtfully referred to the Pioche Formation. 

AGE: As. far as the writer knows, diagnostic 
fossils have not been found in the Prospect 
Mountain Quartzite. The only fossils found in 
the formation are numerous worm borings, 
fucoids (?), annelid and trilobite trails, and one 
common phoronid (?) boring (Skolithos), none of 
which indicates the age of the formation. 
Fossils from the overlying Pioche Shale show 
that that formation is partly within the Olenel- 
lus zone in western Utah and in the central 
and southern Wasatch Range, and here the 
Prospect Mountain Quartzite certainly is Early 
Cambrian or older. In the northern Wasatch, 
in the Bear River Range, and in southeastern 
Idaho the oldest known diagnostic fossils occur 
in the Langston Formation and belong within 
the earliest Middle Cambrian zone (Albertella- 
Kochaspis subzone). Thus here also the quart- 
zite is probably Early Cambrian or older. 

Wheeler (1947, p. 157-159) proposed that 
the base of the Olenellus zone be recognized as 
the base of the Cambrian system in western 
North America. This suggestion may be highly 
satisfactory for the Cambrian of the Cordillera 
for the reasons that Wheeler has so ably pre- 
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sented. However, two important difficulties 
arise: (1) although the top of the Olenellus 
zone is well defined and easily recognized in 
many areas, its base is not accurately defined 
and apparently has not been recognized in 
western North America; (2) in eastern North 
America and northwestern Europe well-defined 
and easily recognized faunal zones older than 
the Olenellus zone have been found. In those 
regions the base of the Cambrian system has 
been defined so as to coincide with the base of 
the lowermost (Obolella) zone (Howell ef al., 
1944, chart). 

On the basis of physical characteristics, in- 
cluding lithologic features, conformity with the 
overlying Pioche Shale, etc., Wheeler (1948, 
p. 20, Fig. 5) doubtfully included the upper 
part of the quartzites in the Lower Cambrian 
series in three western Utah sections, even 
though diagnostic fossils of the Olenellus zone 
do not occur in the quartzite. Probably in 
Utah and Idaho, where the quartzites nearly 
everywhere conformably underlie the Pioche 
Shale and where Olenellus occurs in that forma- 
tion, the Prospect Mountain Quartzite is of 
Early Cambrian age. The formation was ap- 
parently deposited during part, or all, of the 
time when faunas that antedate the Olenellus 
fauna were thriving in other regions. Further 
study of the quartzite and other Lower Cam- 
brian formations in the Great Basin may yield 
evidence allowing a more precise definition of 
Lower Cambrian faunal zones and thus permit 
a more accurate age assignment of the forma- 
tion. 


Pioche Formation 


DEFINITION AND DISTRIBUTION: The Pioche 
Shale was first described at the type locality 
near Pioche, Nevada, by Walcott (1908a, p. 
11-12) as 210 feet of “‘arenaceous and argil- 
laceous shaly layers with some thin layers and 
bands of limestone more or less irregularly 
interbedded and limited in horizontal 
tribution”. He correctly pointed out that the 
formation crops out in the House and Wasatch 
ranges, in Utah, where it also lies conformably 
between the Prospect Mountain Quartzite and 
the overlying Cambrian limestones. Westgate 
and Knopf (1927, p. 8-10) redescribed the 
formation, emended the original definition, and 
pointed out that the true thickness of the for- 
mation is approximately 1120 feet at the type 
locality. Deiss (1938, p. 1152-1160), on pale- 
ontological evidence, incorrectly divided this 
lithogenetic and mappable unit into two forma- 


dis- 
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tions, ‘‘the Pioche shale (restricted)”’ and th 
“Comet shale”. Wheeler and Lemmon (193 
p. 34-35) restored the formation to its prope 
status. Wheeler (1943, p. 1781-1982) indicate 
the wide geographic occurrence of the Pioch 
Formation in Utah, Nevada, and Arizona anj 
in 1948 (p. 25) stated that, among other term: 
the “Ophir” and “Cabin” shales were synonym 
of Pioche. 
Data presented here prove the presence | 
the Pioche Formation throughout most ¢j 
west-central and northern Utah and sugges 
its presence in the northern Wasatch, in part 
of the Bear River Range, and in southeasten 
Idaho. In the two last-named areas, the beds 
lithogenetically equivalent to the Pioche For. 
mation seem to pinch out to the east and wer 
not observed at Spence Gulch or in the Black- 
smith Fork drainage area (Figs. 2, 3). Els 
where in the Wasatch and southeastern Idah 
these beds have heretofore been included it 
the “Brigham formation”. In the central 
Wasatch Mountains the basal shales of the 
“Ophir formation” constitute the Pioche For- 
mation. In Utah and southeastern Idaho it is 
composed of arenaceous and argillaceous shales 
generally interbedded and intercalated with 
quartzite and sandstone layers and lenses. The 
quartzite and sandstone beds are lithologically 
similar to those of the underlying Prospect 
Mountain Formation. Only a few carbonat 
layers or lenses are interbedded with the shales 
Sparseness or lack of carbonate beds is th 
chief criterion used in many places to distin- 
guish the Pioche Formation and the confor 
mably overlying carbonate beds of the Lang: 
ton Formation. Further, the Pioche shales ar 
predominantly argillaceous and _ micaceots 
whereas the overlying shales are mostly cal 
careous. The formation thins eastward an 
northward from the type locality (Wheeler 
1943, Pl. 1; 1948, Fig. 5), and in at least ont 
section in northeastern Utah (Blacksmith Fork 
it is not present. In northeastern Utah an 
southeastern Idaho the arenaceous beds con 
stitute so much of the formation at the expens 
of the argillaceous shale that it is only arbi 
trarily distinguishable from the underlying 
Prospect Mountain Quartzite. The Pioch 
ranges in thickness from 265 feet in the Hous 
Range to approximately 100 feet in the Ophi 
Canyon section. 
AGE: Fossils of Early Cambrian age belongit 
to the Olenellus zone have been found in the 
Pioche Formation in Utah. Fossil localities 1 
clude the House Range, Ophir Canyon, and Big 
Cottonwood Creek Canyon. Olenellus has bee' 








DI 
forn 
1908 
sive: 
roun 
107 
prot 
(Wa 
inclu 
aren, 
dow: 
gray 
liste 
the 
(whe 
dista 
he st 
ably 
(“Br 
Spen 
mem 
nitio 
p. 11 
form 
in Bl 
and 
Lang 


“ss 
that, 

const 
unit. 

forme 
Brigh 
limes 


They 
at th 
consi 
dolor 








and th 
1 (1939 
; Proper 
dicated 

Pioche 
na and 
r terms, 
nonyms 


ence 0) 
nost ol 
suggest 
in part 
eastern 
he beds 
he For- 
nd wer 
Black: 
). Else- 
1 dah: 
ided ir 
central 
of the 
he For- 
ho it is 
; shales, 
d with 
es. The 
ogically 
‘rospect 
rbonatt 
- shales 
is th 
distin- 
confor- 
Lang: 
ales are 
aceous 
tly cal 
rd and 
Vheeler 
ast ont 
h Fork 
ah an 
ds con- 
expens 
y arb 
lerlying 
Pioche 
. Hous’ 


longing 

in the 
‘ties in 
ind Big 
as bet! 








LOWER AND MIDDLE CAMBRIAN FORMATIONS 


reported from the Pioche Shale of the Wasatch 
Mountains east of Provo (P. E. Dennis, per- 
sonal communication) and in rocks now as- 
signed to the Pioche Shale of the Promontory 
Range (Resser, 1939b, p. 6). The Langston 
Formation conformably overlies the Pioche 
Shale and contains fossils belonging to the 
Albertella-Kochaspis subzone, which contains 
the earliest Medial Cambrian fossils in the 
Great Basin. Thus, the fossils indicate that the 
Pioche Formation is of late Early Cambrian 
and early Medial Cambrian age throughout 
northern Utah and southern Idaho. Like the 
overlying Langston Formation, it transgresses 
the Early-Medial Cambrian boundary. 


Langston Formation (Lower and 
Middle Cambrian) 


DEFINITION AND DISTRIBUTION: The Langston 
formation was named by Walcott (1908a, p. 8; 
1908b, p. 198-199) who described it as ‘‘mas- 
sive-bedded, bluish-gray limestone with many 
round concretions” and gave its thickness as 
107 feet in Blacksmith Fork Canyon, Utah, its 
probable type locality (1908a, p. 8). Later, he 
(Walcott, 1908b, p. 188-199) redescribed it and 
included 390 feet of ‘“‘massive-bedded, dark 
arenaceous limestone, passing at about 150 feet 
down into a calcareous sandstone, and then a 
gray sandstone’. In the later description he 
listed fossils and made Blacksmith Fork Canyon 
the type locality, although Langston Creek 
(where the formation is also exposed) is some 
distance from Blacksmith Fork. In both papers 
he states that the Langston Limestone conform- 
ably overlies the Prospect Mountain Quartzite 
(“Brigham”) and comfortably underlies the 
Spence Shale, which he considered the basal 
member of the Ute Formation. Walcott’s defi- 
nition was generally accepted, and Deiss (1938, 
P. 1112-1119) remeasured and redescribed the 
lormation and designated a new “type”’ locality 
in Blacksmith Fork Canyon. In 1941, Williams 
and Maxey (1941, p. 279) stated that the 
Langston Formation is 


“a sequence of shales, limestone, and dolomites 
that, though changing laterally to some extent, 
constitutes a satisfactory mappable (lithologic) 
unit. The Spence shale is a member of the Langston 
lormation separated in normal sequence from the 
Brigham quartzite by only a few feet of crystalline 
limestone.”” ‘ : 


They pointed out that the Langston Formation 
at the “type” localities in Blacksmith Fork 
consists of an abnormal development of the 
dolomite members at the expense of the shale 
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and limestone members. The sections upon 
which Williams and Maxey’s (1941) paper was 
based are detailed in the present paper. 

The writer has recognized the Langston For- 
mation in all areas described in this paper and 
suggests that the north side of the High Creek 
Canyon is the best and most nearly typical ex- 
posure of the Langston Formation. The forma- 
tion is characteristically developed with all 
members present, whereas to the southeast 
(toward Blacksmith Fork) the Spence Shale 
and Naomi Peak Members pinch out into the 
thick basal dolomite (Fig. 2), and to the south 
and west they finger into a maze of thinly 
interbedded and intercalated shale and lime- 
stone beds. 

In the Wasatch Range, from Willard Peak 
south and west to beyond the central Wasatch, 
the formation consists of these interbedded 
limestones and shales and a few sandy beds. 
Throughout most of Utah and southern Idaho 
the Langston Formation marks the beginning 
of the long period of deposition of predomi- 
nantly carbonate rocks which characterize the 
Middle and Upper Cambrian Series, whereas 
the underlying formations are predominantly 
detrital and arenaceous. Thus the base of the 
formation is usually drawn at the first distinc- 
tive limestone bed above the Prospect Moun- 
tain Quartzite. 

Beds formerly assigned to the upper part of 
the “Ophir formation” and to the “Maxfield” 
formation are here assigned to the Langston 
Formation. 

Two units within the Langston Limestone 
are locally distinct lithologic markers. Resser 
(1939b) described a fauna from the basal lime- 
stone beds of the Langston Formation super- 
jacent to the shaly quartzite beds of the Pioche 
(?) Formation (Brigham) and subjacent to the 
Spence Shale Member. He called this the 
Ptarmigania fauna, and the limestone in which 
it occurs he referred to as the “Ptarmigania 
strata”. He neither adequately defined the 
member nor designated a type locality, prob- 
ably because he was not aware of its exact 
stratigraphic position. Further, the term 
“Ptarmigania strata”’ is likely to become con- 
fused with the term Ptarmigan Formation, an 
already accepted name for a Middle Cambrian 
formation in Canada. The detailed descriptions 
of sections in the northern Wasatch Mountains, 
in the Bear River Range, and in southeastern 
Idaho indicate that these limestones are a 
distinctive rock unit. In the field this unit is an 
excellent stratigraphic marker or “key bed”’, 
because (1) it is the first limestone in the sec- 
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tio above the arenaceous sediments of the 
Pioche (?) and Prospect Mountain formations, 
(2) it contains in all known outcrops the dis- 
tinctive, easily recognized fossils of the Plar- 
migania fauna, and (3) it is nearly always 
excellently exposed because it forms the first 
ledges under the slopes formed on the Spence 
Shale and caps the prominent cliffs and ledges 
of the underlying resistant arenaceous sedi- 
ments. This unit is here designated the Naomi 
Peak Limestone Member of the Langston 
Formation. 

ORIGINAL DESCRIPTION: The Naomi Peak 
Member is composed of light- to medium- 
neutral-gray, finely crystalline, arenaceous 
limestone with numerous lenses of coarsely 
crystalline, very fossiliferous, pure limestone. 
In many places few thin beds of gray, medium- 
grained, brown-weathering, calcareous or dolo- 
mitic sandstone occur near the base of the 
member. It conformably overlies the Pioche (?) 
Shale and underlies the Spence Shale Member 
of the Langston Formation. It constitutes the 
basal 32 feet of the Langston in the excellent 
section on the north side of the North Fork of 
High Creek, approximately 614 miles north- 
east of Richmond, Utah. The known outcrop 
area of the Naomi Peak Limestone Member 
extends from the Left Fork of Blacksmith Fork 
River northward beyond Spence Gulch and 
Malad, Idaho, and from the east side of the 
Bear River Range to Wellsville Mountain. The 
member is 40 feet thick at the North Fork of 
Mill Creek, 214 miles north of Spence Gulch, 
Idaho; 32 feet thick at Two Mile Canyon, 
Idaho; 32 feet thick at High Creek, Utah; 25 
feet thick at Wellsville Mountain; and 40 feet 
thick at Temple Ridge, in the central part of 
the Bear River Range. It is not recognized in 
the Left Fork of Blacksmith Fork, in Black- 
smith Fork, in the Promontory Range, or in 
central or western Utah. 

The Spence Shale was designated by Walcott 
(1908a, p. 8) as the basal member of the Ute 
Formation. He described it as 30 feet of argil- 
laceous shales in the type locality at Spence 
Gulch, Idaho. Williams and Maxey (1941, p. 
216-285) redescribed the member as part of 
the Langston Formation immediately super- 
jacent to the Naomi Peak Limestone. As 
Williams and Maxey (1941, p. 280) state, the 
lormation is not wholly exposed at Walcott’s 
type locality, but approximately 1 mile north- 
northwest along the strike, on the west side of 
the Left Fork of Mill Creek, it is well exposed 
and is 125 feet thick. Here, as at the type 
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locality, it consists of black and olive-green, 
fissile, somewhat calcareous shale with numer- 
ous fossils in the lower beds and with some 
interbedded thin layers of tan siltstone and 
silty shale in the upper part. The area of out- 
crop of the Spence Shale is somewhat larger 
than that of the Naomi Peak Member because 
it crops out in the Promontory and Bannock 
ranges and may extend northward beyond the 
Snake River in Idaho. However, it was not 
recognized in Utah south of the latitude of 
Brigham City or west of Promontory Point 
(Fig. 2). 

AGE: The faunas of the Naomi Peak Lime- 
stone and Spence Shale Members are assigned 
to the Albertella-Kochaspis subzone and unques- 
tionably show that the basal Langston was de- 
posited in earliest Medial Cambrian time. The 
“Ptarmigania fauna” contains several forms 
that have Early Cambrian affinities. The Lang- 
ston Formation in the House Range contains 
only these early forms or their ancestors and, 
in so far as known, no typically Medial Cam- 
brian types. This fauna in the House Range is 
tentatively placed in the Antagmus-Oncho- 
cephalus zone of late Early Cambrian age. This 
suggests that the sedimentary environment of 
the Langston transgressed slowly eastward and 
that the Langston Formation may transgress 
the Early-Medial Cambrian boundary in the 
western Great Basin. The upper beds of the 
Langston are everywhere clearly Medial Cam- 
brian, for they contain fossils belonging to the 
Glossopleura-Zacanthoides zone or they are 
conformably overlain by beds assigned to that 
zone. 


Ute Formation 


DEFINITION AND DISTRIBUTION: The name 
Ute Limestone was applied by King (1878, p. 
232-233) to the 2000 feet of limestones over- 
lying the Cambrian quartzites. Walcott (1908a, 
p. 7) redescribed the lower 759 feet in Black- 
smith Fork and restricted the name to these 
lower beds. This restricted usage has been 
followed, and Deiss (1938, p. 1120-1121) re- 
measured the thickness and emended the de- 
scription of the beds in the Blacksmith Fork 
section. Deiss retained Blacksmith Fork Can- 
yon as the type locality of the emended Ute 
Limestone. Williams and Maxey (1941, p. 281) 
defined the Ute Formation as the “thin-bedded, 
silty limestone and green shales” conformably 
overlying the Langston Formation and under- 
lying the Blacksmith Dolomite, both persistent 
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and readily recognized. This definition and 
Deiss’ description are here recognized as es- 
sentially correct. Outside the Bear River Range 
the Ute Formation has been readily recognized 
throughout northern Utah and southern Idaho. 
According to Deiss (1938, p. 1113-1114) the 
Ute Formation is 685 feet thick in Blacksmith 
Fork. Its maximum measured thickness (745 
feet) in northern Utah and southeastern Idaho 
is at High Creek, Utah. An estimate of its 
thickness at Promontory Point, Utah, is 790 
feet. 

AGE: The basal shales of the Ute Formation 
in southeastern Idaho and northern Utah con- 
tain fossils assigned to the Glossopleura-Zacan- 
thoides zone. In central Utah the basal beds 
conformably overlie rocks containing similar 
fossils. Olenoides, Ehmaniella (?), Alokistocare, 
and Obolus, all typical Medial Cambrian forms 
characteristic of the Bathyuriscus-Elrathina 
zone, occur approximately 400 feet above the 
base of the formation in northern Utah. Fur- 
ther, elements of the Bathyuriscus-Elrathina 
zone are reported from near the base of the 
conformably overlying Blacksmith Dolomite. 
Thus, the Ute Formation is Medial Cambrian. 


Blacksmith Dolomite 


Walcott (1908a, p. 7) designated “Blacksmith 
Fork Canyon, about 8 miles above its mouth 
and 15 miles east of Hyrum, Cache County, 
Utah,” as the type locality of the Blacksmith 
Dolomite. He incorrectly described the forma- 
tion as 570 feet of “gray arenaceous limestone 
in massive layers.”’ Deiss (1938, p. 1112-1113, 
1121) emended this definition and correctly 
stated that the formation was essentially all 
thick-bedded gray dolomite and interbedded 
magnesian limestones. These beds are approxi- 
mately 450 feet thick at the type locality in 
Blacksmith Fork and about 485 feet thick at 
High Creek. The formation thins northward 
and is not recognized in the northern extremity 
of the Bear River Range near Lava Hot Springs. 
Walcott (1908a, p. 8) reports that it is only 23 
feet thick in the section west of Liberty, Idaho. 
It apparently thickens westward and south- 
ward because it is more than 500 feet thick on 
Promontory Point and is thicker at Calls Fort 
than at High Creek. 

The only fossils reported from the Blacksmith 
Dolomite are forms belonging to the “Thomp- 
sonaspis faunule” of Denson (1942, p. 26) and 
to the Bathyuriscus-Elrathina zone. Denson’s 
Thompsonaspis faunule is probably the same as 
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the Palella-Thompsonaspis zone of autho; 
(Howell et al., 1944, Chart). 


Bloomington Formation 


DEFINITION AND DISTRIBUTION: The Bloon 
ington Formation conformably overlies th 
Blacksmith Dolomite throughout northern ay 
northeastern Utah and in most of souther 
Idaho. It was named by Walcott (1908a, p.7 
who designated the type locality as “Bex 
River Range, about 6 miles west of the tow 
of Bloomington, Bear Lake County, Idaho. | 
second easily accessible locality is in Blacksmit 
Fork Canyon, east of Hyrum, Cache Count; 
Utah.” 

He described the formation as “bluish gray 
more or less thin-bedded limestones and argi- 
laceous shales. Small rounded nodules of caleit 
occur scattered regularly through many of the 
layers of limestone.” Richardson (1913, p. 45 


described the basal shale beds of the Blooming. 


ton Formation as the Hodges Shale Member ir 
the Randolph quadrangle, Utah. Mansfiel 
(1927, p. 55) redescribed the formation in 


southeastern Idaho, recognized the Hodges 


Shale Member at the base, and changed th 
type locality to Mill Creek, near Libert 
Idaho. Deiss (1938, p. 1121-1132) redescribec 


the Bloomington in the Blacksmith Fork are 
and pointed out that the Hodges Shale Member 


was thinner there. Williams and Maxey (194! 
p. 381) described the formation in the Logan 


quadrangle and vicinity as 1200 feet of thin 
bedded limestone and shale with the Hodges 
Shale Member at the base and a thick shal 


member at the top. This upper thick shal 
member was designated by Denson (1942, p. 4 
as the Calls Fort Shale. Thus, the Bloomington 


Formation consists of (1) a basal tawny-olive 


shale and interbedded thin layers of light-t 


dark-gray limestone (the Hodges Shale Men- 


ber), overlain by (2) a middle unit of thinly t 


thickly bedded, light- to dark-gray limestone 
which weathers to slopes strewn with thir 
plates of limestone, overlain by (3) an upper 


tawny-olive shale unit with some interbedde 
platy limestone, the Call’s Fort Member. 
The Bloomington Formation 


have been deposited. 


crops oul 
throughout southeastern Idaho and_ north: 
eastern Utah as far south as the northern mar- 
gin of Great Salt Lake and Brigham City. It 
has been recognized in the Lakeside Range, 
the west margin of Great Salt Lake. In the 
Wasatch Range it was probably removed b} 
late or post-Cambrian erosion, or it may neve 
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ace: Denson (1942 p. 24) places the Bloom- 
ington Formation in the latest Medial Cam- 
brian zones on the basis of faunules, as yet not 
published, which occur in the Calls Fort and 
Hodges Shale Members. The writer tentatively 
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PIOCHE SHALE 


Wasatch Range, Big Cottonwood Canyon; base 
of the formation (Walcott, 1891, p. 319; Hintze, 
1913, p. 104-105; Burling, 1914, p. 8) 
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places these members in the Asaphiscus-Bolas- 
pidella zone. The top of the Thompsonaspis 
zone occurs just below the base of the formation, 
in the top of the Blacksmith Dolomite, at High 
Creek, Utah. The base of the Lower Cedaria 
zone (Upper Cambrian) is drawn near the base 
of the Nounan Formation, which lies conform- 
ably on the Calls Fort Member of the Bloom- 
ington Formation. 


EARLY AND MEDIAL CAMBRIAN FAUNULES IN 
UrAH AND SOUTHEASTERN IDAHO 


The writer here lists all reported occurrences 
ot diagnostic Lower and Middle Cambrian 
lossils in the region. The zones in which these 
launules occur are designated on Figure 3 by 
the numbers heading each list. Zonation of the 
launules is discussed. Since no diagnostic fossils 
are known from the Prospect Mountain quartz- 
te, this formation is not included. 





1. Olenellus gilberti (Meek) 
Cruziana, sp. 

Same: 100 feet above base of formation (Walcott, 
1890, p. 319; Hintze, 1913, p. 104-105; Burling 
1914, p. 3) 

2. Obolus (Westonia) ella (Hall and Whitfield) 
Micromitra (Iphidella) pannula (White) 
Hyolithes billingsi (Walcott) 

Tuzoia argenta (Walcott) 

Ehmaniella (?) quadrans (Hall and Whit- 
field) 

Glossopleura producta (Hall and Whitfield) 


, 


LANGSTON FORMATION 


Wasatch Range, Big Cottonwood Canyon; 70 
feet above base of formation 
3. Spencia, sp. undet. 
Glossopleura ulahensis (Resser) 
(Resser) 


Anoria utahensis 
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Promontory Range; 15 to 100 feet above base 


of formation 


4. Many species from the Spence 


Shale, 


including Taxioura, sp. undet. Hyolithes, 


sp.; and Elrathia, sp. undet. 


Bear River and Malad ranges and Wellsville 
Mountain; basal 32 to 40 feet of formation 


(Naomi Peak Limestone Member) 
1939b, p. 20-72) 
5. Brachiopoda 
Acrothele arlemis Walcott 
A. parilis Resser 
Acrothyra minor Walcott 
Acrotrela eucharis Resser 
A. sulcaia Walcott 
I phidella maladensis Walcott 
Lingulella eucharis Resser 
Micromitra haydeni Walcott 
Paterina hirla Resser 
Wimanella maladensis Resser 
Gastropoda 
Helcionella aequa Resser 
H. arguia Resser 
H. burlingi Resser 
Hyolithes prolixus Resser 
Agnostia 
A gnostus lautus Resser 
Trilobita 
Albertella, sp. undet. 
Alokistocare brighamensis Resser 
A. euchare Resser 
Alokistocare euzona Resser 
Alokistocarella occidens Resser 
Bathyuriscus politus Resser 
Clavas pidella excavata Resser 
C. wasatchensis Resser 
Dolichometopsis alia Resser 
D. comis Resser 
D. communis Resser 
D. gravis Resser 
D. gregalis Resser 
D. lepida Resser 
. mansfieldi Resser 
. media Resser 
. potena Resser 
poulseni Resser 
D. propinqua Resser 
D. stella Resser 
Ehmaniella maladensis Resser 
Inglefieldia idahoensis Resser 
Kochas pis dispar Resser 
K. maladensis Resser 
Kochiella arenosa Resser 
K. mansfieldi Resser 
Kochina (?) elongata Resser 
K. (?) libertyensis Resser 
K. venusta Resser 


Sdosss 


(Resser, 
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K. vestita Resser 

K. wasatchensis Resser 
Kootenia acicularis Resser 
-. bearensis Resser 

.. brevispina Resser 

-. convoluta Resser 

. germana Resser 

. granulosa Resser 

. libertyensis Resser 
-. maladensis Resser 

. mendosa Resser 


ARR RRA 


. venusta Resser 

Olenoides maladensis Resser 
Oryctocephalites typicalis Resser 
Oryctocephalus maladensis Resser 
Pachyas pis typicalis Resser 
Pagelia clytia Walcott 

P. maladensis Resser 

Poliella dignata Resser 

P. germana Resser 

P. sobrina Resser 

P. wasatchensis Resser 

P., sp. undet. 

Poulsenia bearensis Resser 

P. granosa Resser 

P. occidens Resser 
Prozacanthoides aequus Resser 
P. alatus Resser 

P. decorosus Resser 

P. exilis Resser 

P. libertyensis Resser 

P. optatus Resser 
Ptarmigania agrestis Resser 
P. altilus Resser 


P. aurita Resser 
P. exigua Resser 
P. natalis Resser 


P. ornata Resser 

Taxioura magna Resser (Ogygopsis) 
T. typicalis Resser (Ogygopsis) 
Tonkinella idahoensis Resser 
Unidentified species and genera 
trilobites and brachiopods 


Same: beds between approximately 40 feet an’ 
230 feet above base of formation (Spent 
Shale Member). The fossils occur chiefly 
the basal 60 feet of the member (Resser, 193% 
p. 3-24). 

6. Algae 


Morania, sp. undet. 
Echinoderma 

Eocrinus longidactylus (Walcott) 
Worms 

Selkerkia spencei Resser 
Brachiopoda 

Acrothele affinis Resser 
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Acrotreta definita Walcott 

A. levata Resser 

I phidella grata Resser 

Lingulella eucharis Resser 

Micromitra lepida Resser 

Wimanella nantes (Walcott) 

W. rara (Walcott) 

W. spencei (Walcott) 
Gastropoda 

Hyolithes cecrops Walcott 

H. ornaiellus Resser 

“Orthotheca” sola Resser 
Agnostia 

Agnostus bonnerensis Resser 

A. brighamensis Resser 
Trilobita 

Albertella, sp. undet. 

Alokistecare brighamense Resser 

A. idahoense Resser 

A. lalicaudum Resser 

A. punctatum Resser 

A. septum Resser 

A. spencense Resser 

Alokislocarella spencet Resser 

Bathyuriscus atossa Walcott 

B. brighamensis Resser 

Bythicheilus alveatum Resser 

B. typicum Resser 

Chancia augusta Resser 

C. ebdome Resser 

C. evax Resser 

Clappaspis coriacea Resser 

C. dotis Resser 

C. idahoensis Resser 

C. lanata Resser 

C. spencei Resser 

Clavaspidella anax (Walcott) 

C. bithus (Walcott) 

Elrathia spencei Resser 


Ehmaniella quadrans (Hall and Whit- 


field) 
Glossopleura bion (Walcott) 
G. gigantea Resser 
G. similaris Resser 
G. ulahensis Resser 
Kootenia idahoensis Resser 
K. mathewsi Resser 
K. spencei Resser 
Olenoides brighamensis Resser 
O. evansi Resser 
O. wasatchensis (Hall and Whitfield) 
Oryctocare geikei Walcott 
Oryctocephaius walcotti Resser 
Pagetia clytia Walcott 
Poliella anteros (Walcott) 
P. ceranus (Walcott) 
Stauroholcus typicalis Resser 


Spencia plena Resser 

S. typicalis Resser 

Taxioura, sp. undet. (Ogygopsis) 
Utia curio Walcott 

Vistoia (?) minula Resser 
Zacanthoides abbreviatus Resser 
Zacanthoides adjunclis Resser 
Z. gradalus Resser 

Z. holopygus Resser 

Z. idahoensis Walcott 

Z. serratus Resser 


Several unidentified species and genera 
of trilobites; many embryonic forms 
Bear River Range and Wellsville Mountain; 
85 feet below top of formation in the Left 
Fork of Blacksmith Fork Canyon 
7. Glossopleura, sp. undet. 
Glyphaspis (?), sp. undet. 
Same: approximately 220 feet below top of 
formation in Blacksmith Fork Canyon 
8. Glyphaspis (?), sp. undet. (Deiss, 1938, 
p. 1115) 
Same: approximately 310 feet below top of 
formation in Blacksmith Fork Canyon 
9. Glossopleura, sp. undet. 
Clavas pidella (?), sp. undet. 


UTE FORMATION 


Promontory Range; at base of the formation 

10. Glossopleura cf. producta (Hall and Whit- 
field) 
Elrathina (?), sp. 

Bear River Range and Wellsville Mountain; 
basal 4 to 15 feet of the formation (Deiss, 
1938, p. 1114) 

11. Alokistocare, sp. 
Elrathina (?), sp. 
Glossopleura producta (Hall and Whitfield) 
Glossopleura, n. sp. 
Kochina, n. sp. 
Kooltenia, sp. 
Zacanthoides, sp. 
Micromitra, sp. 
Acrotreta, sp. 
Acrothele, sp. 

I phidella, sp. 
Hyolithes, sp. 

Same: 105 to 109 feet above the base of the 
formation 
12. Anomalocephalus, n. sp. 

Ehmaniella, n. sp. 

Same: 275 to 375 feet above the base of the 
formation 
13. Olenoides, sp. 

Ehmaniella (?), sp. 
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Alokistocare subcoronatum (Hall and Whit- 
field) 
Kootenia quadriceps (Hall and Whitfield) 


BLACKSMITH DOLOMITE 


Bear River Range and Wellsville Mountain; 
near the base of the formation 
14. See Howell et al. (1944, Chart) 

Same: near top of formation (Denson, 1942) 
15. Anomocare 


Palella 


BLOOMINGTON FORMATION 


Bear River Range and Wellsville Mountain; 
160 to 335 feet above the base of the formation 
(Hodges Shale Member) 

16. Bolas pidella 

Blainia cf. gregaria Walcott 

Blainia gregaria Walcott 

Olenoides 

Soleno pleura 

Helcionella, sp. 

Undescribed 
brachiopods 

Same: 10 feet above top of Hodges Shale Member 
16a. Olenoides, sp. 

Undescribed genera of brachiopods and 
trilobites 

Same: 90 to 110 feet below the top of the forma- 
tion near top of Calls Fort Member 
17. Asaphiscus 

Pachyrhachis oweni Walcott 

Parehmania 

Bolas pis (?) 

Howellas pis (?) 

Acrocephalops (?) cf. A. gracilis Resser 

Elrathia 

Homagnostus cf. pisiformis pater (Holm 

and Westergaard) 

genera 


genera of trilobites and 


Undescribed of trilobites and 


brachiopods 
ZONATION OF THE FAUNULES 
General Statement 


Five faunal zones are recognized in the Lower 
and Middle Cambrian strata of Utah and 


southeastern Idaho, of which one, the Olenellus, 
is of Early Cambrian age. The zones are 
discussed in detail and compared with zones of 
comparable age recognized in other areas. 


G. B. MAXEY—LOWER AND MIDDLE CAMBRIAN STRATIGRAPHY 


Olenellus Zone 


The oldest diagnostic fossils recognized jn 
Utah and southern Idaho are members of the 
trilobite genus, Olenellus, chiefly Olenellys 
gilberti (Meek), and the brachiopod species 
Obolus (Westonia) ella (Hall and Whitfield). 
These forms are sparse in the Pioche Shale of 
the Wasatch Range. Olenellus fossils are up- 
known in any other sections in the area and in 
most areas are confined to the lower beds of the 
Pioche, but Obolus occurs higher in the section 
in most parts of the area. 

Genera of the Olenellidae occur in many 
Lower Cambrian rocks in North America and 
northwest Europe. Howell ef al. (1944, chart 
indicate that the Olenellus zone is underlain by 
three zones in Europe and northeastern North 
America and by two zones in the Appalachian 
region of the United States. Further, a section 
of Lower Cambrian rocks in the Inyo Range of 
California and Nevada, not shown on the chart, 
contains fossils of Early Cambrian age which 
probably antedate the forms in the Pioche 
Shale. The Olenellus zone in western Utah 
(House Range) is immediately subjacent to 
and conformable with strata containing ele- 
ments of the Antagmus-Onchocephalus zone 
(Syspacephalus zone of Howell’s chart) which 
has not been recognized in northeastern Utah 
and Idaho and is of latest Early Cambrian age 

Lochman (1953, p. 487-488) states that on 
the basis of present knowledge “ .. . the entire 
Lower Cambrian should be correctly labeled 
the Olenellus zone ...”’ She also describes twi 
subdivisions of the zone: (1) a lower subzone 
characterized not only by Olenellidae but by 
primitive nontrilobitic forms including the 
brachiopod, Odolella, and (2) an upper subzone 
characterized by Olenellidae associated with 
Eodiscidae, general of the Corynexochidae, and 
primitive opisthoparian genera. Presumably 
this upper subzone would correspond with the 
Syspacephalus zone of Howell ef al. (194, 
chart) and with the Antagmus-Onchocephalus 
zone. The Bonnia-Olenellus zone of Rasetti 
(1951, p. 81-83, 109) apparently is essentially 
synonymous with the Olenellus zone of Loch- 
man. 

In northern Utah and southeastern Idahe 
the Olenellus zone as defined above is recogniz- 
able and of stratigraphic value, although it 
appears that we are dealing with fossils that 
appear in the upper part of the zone in other 
areas. 
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ZONATION OF THE FAUNULES 


Glossopleura-Zacanthoides Zone 


Faunas in those beds of the Langston and 
Pioche Formations which directly overlie the 
beds containing Early Cambrian fossils char- 
acteristically contain the trilobite genera 
Glossopleura and Zacanthoides. One, and usually 
both, genera occur commonly in the strata of 
the Langston and basal Ute Formations of 
central and northern Utah and southeastern 
Idaho. Numerous distinctive forms belonging 
to both trilobite and inarticulate brachiopod 
genera occur with them in some areas (see 
fauna numbers in the preceding section and in 
Figure 3). Neither form has been observed in 
strata overlying the topmost rocks of the Ute 
Formation. On the basis of the distinctly 
limited range of these two genera, it is here 
proposed that the beds in which they occur be 
designated the Glossopleura-Zacanthoides zone. 

Trilobite genera most common near the base 
of this zone include Dolichometopsis, Ptarmi- 
gania, Chancia, Clavaspidella, Oryctocephalus, 
Kootenia, Kochina, Kochaspis, Taxioura, Oryc- 
tocare, Alokistocare, Ehmaniella, Clappas pis, and 
Albertella. Of these, Albertella is one of the more 
uncommon trilobite genera. Only a few speci- 
mens of this genus are known from Utah and 
Idaho. However, Albertella occurs at or near 
the base of the Middle Cambrian in many 
localities in the Western Cordillera. Because of 
this widespread occurrence, members of the 
genus are Middle Cambrian guide fossils. Simi- 
larly, some species of Kochaspis are guide 
fossils in the lowest Middle Cambrian beds in 
Utah, Nevada, Idaho, and Canada. In Utah and 
Idaho, species of Kochaspis occur in the same 
basal Middle Cambrian beds with Albertella 
(the Naomi Peak and Spence shale members). 
It is here proposed that the basal beds of the 
Glossopleura-Zacanthoides zone be placed in the 
Albertella-K ochaspis subzone. 

The beds between the Albertella-Kochaspis 
subzone and the uppermost Langston strata in 
northern Utah and southern Idaho are only 
sparsely fossiliferous. Members of the trilobite 
genera Glossopleura, Zacanthoides, Kootenia, 
Kochina, and Glyphaspis have been observed 
occasionally. These forms are common in beds 
ina similar stratigraphic position in other areas, 
where they are usually referred to as the 
“Zacanthoides-A noria zone”’ (Howell et al., 1944, 
Chart). Zacanthoides occurs in Utah throughout 
4 considerably thicker interval and may be 
most practicably utilized as a guide fossil for 
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that interval. Further, Anoria has been reported 
from only the interval in question. Therefore, it 
is suggested that this sequence of beds be 
tentatively referred to as the Anoria subzone 
of the Glossopleura-Zacanthoides zone in Utah 
and Idaho. 

The beds in the upper part of the Glosse. 
pleura-Zacanthoides zone, between the upper- 
most Langston or basal Ute Formations and 
the base of the Blacksmith Dolomite, commonly 
contain the trilobite genera Glossopleura, 
Zacanthoides, Solenopleura, Kootenia, Kochina, 
Elrathina, Ehmaniella, Dolichometopsis, Clap- 
paspis, Anomalocephalus, and _ Alokistocare. 
Howell et al. (1944, p. 995) listed the trilobite 
genus Solenopleurella as a fossil common to the 
“Glossopleura-Kootenia zone.” Since this is the 
only form that does not commonly occur else- 
where in the Glossopleura-Zacanthoides zone in 
Utah and Idaho it may be tentatively referred 
to as the Glossopleura-Solenopleurella subzone. 

This zonation agrees with the zones proposed 
by other authors. Lochman (1952, p. 79-81) 
has recognized two zones, the Albertella and the 
Glossopleura-Kootenia which closely compare in 
range, faunule succession, and faunal content 
to the interval here proposed as the Glosso- 
pleura-Zacanthoides zone. Presumably an inter- 
val containing elements of the Anoria subzone 
is not present in Sonora, or these elements are 
blended with one or the other or both of Lcoh- 
man’s zones and are not recognizable there, 
perhaps as a result of facies differences in the 
corresponding parts of the stratigraphic section. 

Rasetti (1951, p. 93-99, 109) also recognizes 
two zones, the Albertella and the Glossopleura 
which again closely correspond with the 
Glossopleura-Zacanthoides zone, and differ in 
perhaps the same manner and for the same 
reasons given above. Rasetti, however, recog- 
nizes two zones beneath his Albertella zone and 
above the Olenellus zone (his Bonnia-Olenellus 
zone), the Wenkchemnia-Stephenaspis zone and 
the Plaguira-Kochaspis zone. Lochman (1953, 
p. 486-487), who did not recognize these zones 
in Sonora (Lochman, 1952, p. 80), suggests 
that they may merge in other areas. Rasetti 
(1951, p. 80) also suggests this possibility. 
Lochman further states that faunas which 
should be assigned to a merged zone may have 
been collected several places in the western 
United States and Sonora but that adequate 
evidence is not yet available to assign them to 
this zone. Many forms found in the Naomi 
Peak Limestone associated with Kochaspis and 
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Albertella are similar to those listed by Rasetti 
from his zones. Thus, more extensive collection 
and study of the fossils may result in recogni- 
tion of these zones or of a merging of the two 
zones in Utah and Idaho. 


Bathyuriscus-Elrathina Zone 


Trilobite genera related to Ehmania and 
Ehmaniella have been reported by Howell et al. 
(1944 chart) from the base of the Blacksmith 
formation in northern Utah. They are included 
in the Bolaspis-Glyphaspis zone of Howell. A 
fauna consisting of genera of “Agnostus’’, El- 
rathia, and Bolaspidella was found by Denson 
in the lower part of the upper beds of the 
Blacksmith Dolomite and was assigned by 
Howell to the Elrathiella-Triplagnostus-Clap- 
paspis zone (Howell et al., 1944, chart). The 
writer found only fragmental fossils not subject 
to accurate identification in the upper beds of 
the Ute Limestone and in al] but the upper- 
most interval of the Blacksmith Dolomite. 

Although Deiss (1938, p. 1105-1124, 1161- 
1163) did not find fossils in this interval of the 
Blacksmith Fork section he found faunules 
comparable to those mentioned above in Mon- 
tana and in the House Range and later (1939, 
p. 1016-1022; 1940, p. 731-794) in the Canadian 
Rockies. He included these forms in his Eh- 
mania, ‘‘Agnostus”-Bathyuriscus, Bathyuriscus- 
Elrathia, and Bathyuriscus-Elrathina faunas. 
These faunas succeeded his Glossopleura fauna 
and preceded his Thompsonaspis or Olenoides 
(Neolenus) fauna. The interval in which he 
found these fossils corresponds stratigraphically 
and in sequence of faunules to the interval be- 
tween the Glossopleura-Zacanthoides zone and 
the Thompsonaspis zone of this paper. 

Rasetti (1951, p. 99-109) has studied this 
stratigraphic interval in the Canadian Rockies 
and has proposed that it be called the Bathy- 
uriscus-Elrathina zone. 

On the basis of present knowledge it appears 
proper to apply Rasetti’s zone name in north- 
eastern Utah for the interval between the 
Glossopleura-Zacanthoides and Thompsonaspis 
zones even though Rasetti does not find 
Ehmania or Bolaspis-Glyphaspis zone forms in 
the Canadian Rocky sections. Thus, the 
Bathyuriscus-Elrathina zone as used in this 
paper includes the Bolaspis-Glyphaspis zone of 
Howell et al. and of Lochman; the Elrathiella- 
Triplagnostus-Clappaspis zone of Howell et al., 
the Elrathiella-Clappaspis zone of Lochman; 
it is essentially equivalent to the Bathyuriscus- 
Elrathina zone of Rasetti. 


LOWER AND MIDDLE CAMBRIAN STRATIGRAPHY 


Thompsonaspis Zone 


In the Bear River Range Denson (1942, p 
26) and the writer collected trilobites from th, 
uppermost beds of the Blacksmith Dolomit 
which are the same forms as those Denso 
refers to a Thompsonaspis faunule that occurs 
in Wyoming. Deiss (1938, p. 1018-1019) recog. 
nizes in sections in the Cordilleran and Cana. 
dian Rocky regions a faunule composed ¢ 
essentially the same forms which he calls the 
Olenoides-Thompsonaspis fauna. In all they 
areas this faunule is found in rocks which over. 
lie strata of the Bathyuriscus-Elrathina zon 
and underlie rocks containing elements of the 
distinctive Asaphiscus-Bolaspidella zone. This 
interval containing Thompsonaspis and asw- 
ciated forms is here referred to as the Thomp. 
sonas pis zone. 


Asaphiscus-Bolaspidella Zone 


The beds constituting the Bloomington 
Formation in northern Utah and _ southem 
Idaho contain genera of trilobites including 
Asaphiscus, Bolaspidella (Deissella of som 
authors), Blainia, Olenoides, Solenopleun 
Parehmania, Bolaspis (?), Acrocephalops, Ei- 
rathia, Homagnostus, and several undescribed 
genera (see fauna numbers 16, 16a, and 17 in 
the preceding section). Similar faunas occur it 
the lower and middle parts of the Marjum 
Formation in the House Range of Utah and in 
upper Middle Cambrian formations in Mon- 
tana. Asaphiscus and closely allied forms an 
Bolaspidella (Deissella of Denson and others 
are common elements in all these faunas an 
seem to be restricted to this interval of th 
Cambrian system. Therefore it is proposed that 
these beds be designated the Asaphiscus- 
Bolaspidella zone. 

Denson (1942, p. 26) divided this zone int 
two “faunules,” basing his evidence for thi 
subdivision on genera for which description 
have not yet been published. Preliminary wor! 
in this and other areas indicate that such? 
division will probably prove satisfactory. 

The Asaphiscus-Bolaspidella zone is tht 
uppermost zone of the Middle Cambrian an 
is conformably overlain by beds (Nouna 
Formation) containing the Lower Cedaria 201 
of Late Cambrian age. 


Discussion 


The names of some of the faunal zones « 
scribed here do not conform with those suf 
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ZONATION OF 


gested by the Cambrian subcommittee (Howell 
et al., 1944, chart) nor with those described by 
Lochman (1952, p. 73-78) for northwestern 
Sonora in Mexico. The writer firmly believes 
that, wherever possible, a faunal zone should 
be named for a diagnostic fossil or assemblage 
of fossils and, further, that, where practicable, 
it should include all beds in which that diag- 
nostic fossil or fossil assemblage occurs. Such a 
procedure will undoubtedly render faunal zones 
far more usable. For example, the Cambrian 
subcommittee lists four faunal zones (the 
Kochaspis liliana, Albertella, Zacanthoides- 
Anoria, and Glossopleura-Kootenia zones), and 
Lochman lists two (the Albertella and: Glosso- 
plewra-Kootenia zones) in which the two trilo- 
bite genera Glossopleura and Zacanthoides 
commonly occur. To the writer’s knowledge the 
two genera do not occur in any other zones in 
Utah and southern Idaho. Two of the zones of 
the subcommittee, the Kochaspis liliana zone 
and the Albertella zone, appear to be a single 
unit, as was suggested by Williams and Maxey 
(1941, p. 284) and as was later recognized by 
Lochman (Wheeler, 1948, p. 46). One other 
zone, the Glossopleura-Kootenia zone, is named 
for one genus that commonly occurs well below 
the designated lower boundary of the zone and 
for another genus that occurs both above and 
below the designated boundaries of the zone. 
The writer, therefore, has described and _ pro- 
posed the Glossopleura-Zacanthoides zone, which 
includes all the beds in which the two genera 
for which it is named are known to occur. Fur- 
ther, he has suggested subdivisions of the zone, 
or subzones, named after guide fossils within 
the zone. 

Fossil evidence does not indicate the same 
sequence of forms for Utah that is suggested by 
the zones proposed by the Cambrian subcom- 
mittee (Howell et al., 1944, chart), especially 
the zones of late Medial Cambrian age. The 
available published material indicates that 
Thompsonaspsis and associated forms occur 
before Marjumia and with forms closely re- 
lated to early-appearing members of the writer’s 
Asaphiscus-Bolaspidella zone. For example, 
Howell’s chart (1944) shows Marjumia appear- 
ing before Thompsonaspsis. Actually Marjumia 
has been found only in the top of the Asaphis- 
cus-Bolaspidella zone and in overlying Upper 
Cambrian strata. Also Bolaspidella (Deissella) 
appears in the lower part of the Asaphiscus- 
Bolaspidella zone and has not been found with 
Marjumia and related elements. Although 
Olenoides occurs throughout the Middle Cam- 
brian section, members of the genus are most 
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common and varied in the upper part of the 
Asaphiscus-Bolaspidella zone, especially in the 
Marjum Formation of the House Range and in 
the Bloomington Formation of northern Utah 
and southern Idaho rather than before Thomp- 
sonaspis. In Utah and Idaho, beds containing 
Thompsonaspis underlie beds containing the 
late Medial Cambrian forms of Olenoides, 
Orria, and Bolaspidella, and Bolaspidella occurs 
throughout the interval in which Orria, Asa- 
phiscus and allied forms, and Olenoides are 
found. 

The sequence of zones for the Lower and 
Middle Cambrian given by the Cambrian sub- 
committee (Howell et al., 1944), Lochman 
(1952, p. 80; 1953, p. 486-488), Rasetti (1951, 
p. 109), and the sequence proposed in this 
paper for Utah and Idaho are as shown on 
p. 680. 


EARLY AND MEDIAL CAMBRIAN SEDIMENTATION 
AND PALEOGEOGRAPHY 


Description of the Lithofacies 


Several lithofacies of Early and Medial 
Cambrian age are common throughout Utah 
and southeastern Idaho. Many of these litho- 
facies are distinctive and are easily identified 
by common macroscopic methods. The distin- 
guishing characteristics are valuable clues to 
their origin. The facies include: (1) the ortho- 
quartzite facies, composed chiefly of medium to 
coarse quartz particles with some interbedded 
lenses of quartz pebbles; (2) greenish-brown, 
micaceous, and finely arenaceous shale, nor- 
mally interbedded with layers of the ortho- 
quartzite; (3) brown-weathering calcareous 
sandstone; (4) rusty-brown-weathering dolo- 
mite; (5) green and buff fissile shale; (6) highly 
calcareous, dark-gray to black shale and dark- 
gray, shaly, platy, aphanitic limestone; (7) 
mottled, silty, aphanitic and thin-bedded lime- 
stone; (8) the Girvanella limestone; (9) intra- 
formational conglomerate; and (10) odlitic 
limestone. Certain other lithofacies are com- 
posed of nondescript types, all carbonate, which 
are here placed in one of two groups—the 
“undifferentiated limestones” and ‘“undiffer- 
entiated dolomites.”’ 

Recognition of the lithofacies is based chiefly 
upon their macroscopic features. Undoubtedly 
sedimentological or statistical studies would 
reveal evidence which might provide a basis 
for revision in both the recognition and the 
interpretation of the lithofacies; however, the 
writer believes that the presently recognized 
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Cambrian Correlation Chart Lochman Rasetti This paper 
(Howell et al., 1944) (1952; 1953) (1951) 
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facies and the interpretations based upon them 
add considerably to the understanding of Early 
and Medial Cambrian sedimentation and paleo- 
geography. In many instances the facies cor- 
respond closely to those recognized by McKee 
(1945, p. 1-168) in the Grand Canyon region 
where the excellently exposed, continuous out- 
crops of the Cambrian formations allow oppor- 
tunity for far more detailed study than do the 
widely separated outcrops in the Great Basin 
region. Much of McKee’s evidence and inter 
pretation is here recognized as the best available 
explanation for many lithologic and _ strati- 
graphic phenomena observed during the present 
study. 

ORTHOQUARTZITE: The dominant facies of the 
Lower Cambrian strata in the area is medium- 
to coarse-grained “clean” orthoquartzite (rarely 
containing lenses of quartz conglomerate) which 
constitutes the principal part of the Prospect 


Bonnia-Olene!lus zone Olenellus zone 


Mountain Quartzite and a considerable part of 
the Pioche Formation. It consists of quartz 
particles most of which are subangular and 
firmly cemented with silica or, only occasion- 
ally, with iron oxide. When iron-oxide cement 
predominates the rock is somewhat friable 
Labile mineral particles, mostly feldspar, occur 
locally. The pink, red, purple, and green of the 
various strata are probably due to dissemina- 
tion of iron oxide. Most of the strata are 
medium- to thick-bedded (4-12 inches thick), 
but many are massive (more than 12 inches 
thick). Some syngenetic structures, such as 
common and characteristic cross-lamination 
and current ripple marks, are of inorganic 
origin. Probable organic structures which 
commonly occur, especially as casts on bedding 
planes, are burrows, tracks, and trails which 
may indicate the passage of trilobites, phoro- 
nids, and worms. Most of these markings have 
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except the orthoquartzite facies are normally 


been described under the generic terms of 
Crugiana (trail-like markings) and Skolithos 
(worm or phoronid burrows) and are the only 
fossils reported from this facies. 

The conglomeratic phases of the facies appear 
ordinarily at the base of the Porspect Moun- 
tain Formation. Lenses of the conglomerate at 
this horizon in the few outcrops where the 
formational base is exposed are commonly 
composed of unusually coarse, in places very 
angular particles as large as boulders. The 
writer has noted such outcrops in the central 
part of the Wasatch Range, and Eardley (1933, 
p. 315-316) has reported them in the southern 
part of the Wasatch. Conglomeratic lenses are 
not confined to the basal part of the formation 
but also occur occasionally throughout its 
thickness and in the orthoquartzite facies of the 
Pioche Formation. Most of the particles in 
these upper lenses are small, well-rounded 
quartz pebbles in a medium- to coarse-grained 
sand matrix. 

Inasmuch as the orthoquartzite facies com- 
poses most of the Prospect Mountain Quartzite, 
it is widespread in the Great Basin and locally 
is several thousand feet thick. In many sections 
it is interbedded with green, micaceous, and 
silty shale in the Pioche Formation and in the 
upper transitional beds of the Prospect Moun- 
tain Quartzite. Therefore, the environment 
which it represents apparently returned for 
several brief periods after the main deposition 
of the orthoquartzite. The orthoquartzite was 
not observed in formations overlying the 
Pioche Formation. 

At the base of the Cambrian section in the 
Grand Canyon area McKee reports a con- 
glomerate and a coarse sand facies that resemble 
this orthoquartzite facies. However, the Grand 
Canyon facies is less quartzitic, occurs in thin- 
ner layers, and contains much less silica and 
much more iron-oxide cement. After a detailed 
study McKee (1945, p. 38, 47-51) concluded 
that the Grand Canyon conglomerate facies 
was deposited in a near-shore marine environ- 
ment and that the coarse sand facies was 
probably deposited in waters less than a mile 
to 15 or 20 miles from shore ranging in depth 
irom 20 to 60 feet. The writer believes these 
interpretations more or less accurately describe 
the environment of deposition of the ortho- 
quartzite facies in the Great Basin area. 

GREENISH-BROWN, MICACEOUS AND FINELY 
ARENACEOUS SHALE: Most of the Lower Cam- 
brian strata in Utah and southeastern Idaho 
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composed of greenish-brown and gray-green, 
micaceous, finely arenaceous, hard shale much 
of which is flaggy but seldom fissile. Some beds 
contain a little calcareous cement. In many 
places the bedding planes are covered with 
worm-burrow castings, trails, and fucoidal 
structures. In Utah a few inarticulate brachio- 
pod shells and the remains of one poorly pre- 
served trilobite are the only fossils reported. 
Inorganic syngenetic structures include ripple 
marks, occasional cross-lamination, and crater- 
like pits on the bedding planes. In most locali- 
ties the shale is interbedded with strata of the 
orthoquartzite facies in the transitional beds 
near the top of the Prospect Mountain Quartz- 
ite and throughout the Pioche Formation. It 
rarely occurs higher in the section in those 
areas where it is interbedded with limestones of 
the Langston, Ute, and Bloomington Forma- 
tions. It apparently is one of several lithologic 
types deposited seaward from the orthoquartz- 
ite facies and nearer shore than the carbonate 
facies. It may well have been deposited near 
shore in place of the orthoquartzite facies when 
coarse clastic material was lacking. 
BROWN-WEATHERING CALCAREOUS SANDSTONE 
AND SANDY LIMESTONE: This facies is character- 
istic of the basal part of the Langston Forma- 
tion in the Wasatch and Bear River ranges. It 
appears higher in the Langston and Ute For- 
mations where very thin beds and lenses of it 
are intercalated between relatively great thick- 
nesses of the limestone facies. In most places it 
is composed of angular and subangular, fine 
quartz grains embedded in calcareous or dolo- 
mitic cement. In some places it is quartzitic 
and hard but it is usually friable. Calcareous or 
dolomitic cement is predominant and forms a 
finely to medium-crystalline, steel-gray to dull 
neutral-gray matrix which may be flecked with 
small irregular limonitic stains. The strata of 
this facies are usually irregularly bedded and 
channeled; the channels are filled with frag- 
ments of trilobite cranidia and pygidia and 
inarticulate brachiopods. Although it is gray 
on fresh fracture, it weathers to rusty-brown or 
orange-brown outcrops and is valuable as a 
marker. The brown-weathered surfaces result 
from concentration of silt and iron stain when 
the calcareous material is leached. In most 
places the calcareous sandstone and sandy 
limestone overlies and interfingers with the 
upper part of the greenish-brown, micaceous 
shale facies and underlies and interfingers with 
the lower part of one of the carbonate facies. 
These relationships suggest that it was probably 
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deposited seaward from the shale and landward 
from the carbonates. However, the writer deems 
interpretations of environment based on exist- 
ing evidence afforded by the facies rather un- 
satisfactory. It was probably deposited in an 
environment similar to that in which the rusty- 
brown dolomite was formed. In many places 
this latter facies replaces the calcareous sand- 
stone in the stratigraphic sequence in the south 
part of the Bear River Mountains in north- 
eastern Utah. The rusty-brown dolomite seems 
to occur only eastward from the sandstone in 
this area. McKee (1945, p. 59-62) studied 
rusty-brown dolomites in the Grand Canyon 
region and concluded they were the depositional 
product of a transgressng sea in a specialized 
environment. 

RUSTY-BROWN DOLOMITE: A steel-gray to 
dull-gray, silty and sandy, finely to coarsely 
crystalline, medium- to thick-bedded dolomite 
is common in the Langston Fromation in the 
northern part of the Wasatch Range and in 
the Bear River Range. It also occurs sparingly 
in the Cambrian rocks in other parts of Utah 
and Idaho. It forms lenses and tongues which 
interfinger with the brown-weathering calcare- 
ous sandstone and sandy limestone. Both facies 
weather to buff-tan, rusty-brown, or red-brown, 
limonite-stained, silty surfaces and are com- 
monly indistinguishable in the field unless 
fresh surfaces are carefully examined and 
treated with dilute acid. The rusty-brown dolo- 
mite of the Langston Formation occurs in thin, 
irregularly bedded lenses and tongues in the 
Spence Shale and Naomi Peak Limestone on 
Wellsville Mountain, Willard Peak, and Prom- 
ontory Point. Because these intervals thicken 
eastward the dolomite constitutes most of the 
lower part of the Langston in Blacksmith Fork 
where it is thickly interbedded with units of 
crystalline and algal limestone and other dolo- 
mitic facies. 

McKee (1945, p. 59-62), who described a 
similar rock type from the Grand Canyon 
region, concluded that (p. 60): 


“The distribution of the various tongues of 
rusty-brown dolomite in the Grand Canyon shows 
that they are developed, without exception, 
among the deposits formed at times of a trans- 
gressing sea and not among those of regression. 
Furthermore, they are all located on the eastern 
margins of limestone facies and between these 
and areas of clastic sediments. They are asso- 
ciated almost everywhere with iron oxides and in 
most places with glauconite. Algal or Girvanella 
limestones, wherever present, form a facies be- 
tween the dolomites and aphanitic, mottled lime- 
stones to the west.” 


and (p. 62): 


“The following events and factors are believed 
by the writer to have led up to the development 
of the rusty-brown dolomite facies in the Cam. 
brian deposits of Grand Canyon: 

Periodic rapid sinking of the basin caused the 
sea to advance eastward relatively rapidly, from 
time to time, for distances of 25 to 100 miles, and 
as a result of each transgression, the zone of clastic 
deposition likewise shifted far eastward. Mean. 
while, conditions favorable to calcium carbonate 
accumulation apparently did not move shoreward 
a corresponding amount, so a specialized facies 
developed, intermediate in position between the 
areas of clastic and pure-lime deposition. This 
facies was controlled by waters of fairly high con- 
centration, as indicated by dolomitic sediments 
and as suggested by the near-shore position. Fur. 
thermore, it was an area of less deposition than 
to seaward, as is shown both by the abundance 
of glauconite and by the accumulation of a far 
smaller amount of nonclastic sediment there than 
in the corresponding or synchronous limestone 
facies to the west.” 


The writer believes this interpretation is prob- 
ably accurate in regard to the rusty-brown 
dolomite facies of Utah and that the brown- 
weathering calcareous sandstone and _ sandy 
limestone facies was perhaps deposited seaward 
from the dolomite in an otherwise similar en- 
vironment. 

GREEN AND BUFF FISSILE SHALE: Green and 
buff argillaceous and in places micaceous, 
fissile shale beds ranging from a few inches to 
several tens of feet thick are commonly inter- 
bedded with the various limestone facies of the 
Ute and Bloomington Formations and with the 
greenish-brown arenaceous shale facies of the 
Pioche Shale. Generally, this facies occurs in 
very thin layers intercalated between relatively 
thick coarser clastic and limestone beds. The 
green fissile shale contains calcareous nodules 
and small (about 1-10 feet long and a few inches 
thick), thin, crystalline, commonly fossiliferous 
limestone lenses. Trilobite and _ inarticulate 
brachiopod fossils are abundant in the shale 
beds, and the bedding planes are marked by 
many fucoidal structures, worm burrows, and 
trails. 

In most instances, these shale beds seem to be 
regressive clastic tongues deposited as a result 
of minor oscillations of the sea. In other out- 
crops they appear to be the product of mud 
deposition between the coarser clastics which 
were deposited landward and the carbonate 
deposition far from shore. 

BLACK TO DARK-GRAY, HIGHLY CALCAREOUS 
SHALE OR SHALY LIMESTONE: This facies makes 
up much of the Spence Shale Member of the 
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Langston Formation. It also occurs sparingly as 
thin intercalations in the Naomi Peak Lime- 
stone Member of the Langston Formation. As 
its name implies, the facies consists chiefly of 
highly calcareous, thin-bedded to fissile shale 
or very shaly thin-bedded, aphanitic limestone. 
It contains many well-preserved trilobite fos- 
sils, much pyrite and limonite (usually in 
pseudomorphs after pyrite), and generally 
weathers to low, light- to medium-gray ledges 
and plate-strewn slopes. Commonly the ledges 
weather to light-brown or tan surfaces. Inter- 
vals ranging from a few inches to 100 feet of 
the calcareous shale are interbedded with inter- 
vals of the shaly limestone of approximately 
the same thickness. Thin intercalations and 
beds of buff or greenish shales are commonly 
interbedded with this facies. 

These black shales and black shaly limestones 
do not correspond lithologically with most 
black shales because they contain relatively 
large amounts of calcium carbonate, numerous 
benthonic fossil remains, and are not inter- 
bedded or associated with coarser clastics 
(Twenhofel, 1950, p. 333-337; Pettijohn, 1949, 
p. 289). It appears that occurrences of this 
lithologic type are relatively rare. Perhaps the 
black, calcareous, pyritic shales and limestones 
of the Upper Cretaceous rocks of the Black 
Hills region resemble this facies more than 
other described black shales. Rubey (1930, p. 
13) concluded that 


“,.. the conditions most favorable for the for- 
mation and preservation of calcium carbonate, 
organic material, and pyrite together would be 
relatively shallow water and a rapid rate of accu- 
mulation and burial of organic matter. Under 
these conditions much organic matter and carbo- 
nate would be preserved by burial, and iron sulfide 
would form abundantly in the putrefying ooze— 
that is, chiefly below its upper surface.” 


He cites evidence from the studies of Recent 
sediments by Murray and Irvine (1891; 1895) 
that such depositional conditions are common 
in modern seas. The writer tentatively accepts 
this interpretation as an explanation of the 
origin of the Middle Cambrian black, calcareous 
shale and shaly limestone facies. Further de- 
tailed sedimentological and stratigraphic study 
of the facies is needed. 

MOTTLED AND BANDED, APHANITIC, THIN- 
BEDDED LIMESTONE: Much of the limestone 
assigned to the Lower and Middle Cambrian 
formations in Utah and southeastern Idaho 
consists of dark-gray, silty, aphanitic, thin- 
bedded limestone and dolomitic limestone 
which weathers to low, light- to medium-gray 


ledges with yellow-brown or reddish-brown 
mottling or irregular, wavy, thin ridges on the 
weathered surfaces. Thin layers and partings 
of greenish-gray shale and tan silt are generally 
intercalated with the thin beds of limestone. 
Flakes and nodules of the silt and clay are 
irregularly distributed throughout the lime- 
stone matrix and are seldom distinguishable 
except on weathered surfaces. The mottled 
thin-bedded limestone facies is commonly in- 
terbedded with odlitic limestone and algal beds. 
The intervals of the mottled facies are normally 
much thicker than the other facies. Although 
numerous poorly preserved fossils, especially 
trilobites, are found on weathered surfaces, 
well-preserved fossils are rare in the un- 
weathered rock. Better preserved and more 
easily recoverable fossils are generally found in 
the thin intercalations and layers of shale be- 
tween the limestone beds. Structures resembling 
the casts of worm burrows and trails are com- 
mon in these beds. 

As McKee (1945, p. 71-77) has suggested, 
these silty limestone beds seem to be indurated 
calcareous ooze mixed with fine clastic material 
which was deposited too far from shore to be 
diluted with large amounts of coarser clastic 
material. He indicates that the dolomitic 
mottled rock may have originally been lime- 
stone which was replaced by dolomite before 
and during lithification. 

Girvanella LIMESTONE: McKee (1945, p. 62- 
64) described a limestone characterized by 
spherical and ovoid nodules scattered through- 
out a finely crystalline matrix. The nodules 
have concentric structure and are considered 
algal deposits referable to the form genus, 
Girvanella. Numerous students of the western 
Cambrian formations have commented upon 
these algal limestones. They form a rather 
common facies in the formations of Utah and 
southeastern Idaho and occur in the section 
above the coarse clastic facies interbedded with 
the fissile green shale and with strata of the 
other limestone facies. Normally the intervals 
of Girvanella limestone are relatively thin, but 
some of them are more than 100 feet thick. 
They seem to represent an environment de- 
veloped somewhat far from shore, one that 
probably was seaward from that in which the 
rusty-brown dolomite and brown-weathering 
calcareous sandstone facies was deposited. The 
Girvanella limestone is especially common in 
the Langston and Ute Formations, but is 
scarce in the Blacksmith and Bloomington 
Formations. 
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INTRAFORMATIONAL CONGLOMERATE: This fa- 
cies is composed of thin, flat pebbles oriented 
in one or more directions, composed of locally 
derived limestone embedded in a limy matrix. 
It has been referred to as ““edgewise conglomer- 
ate’ (Nason, 1901, p. 360; Grabau, 1924, p. 
785). Units of the conglomerate are relatively 
thin, and most of them are interbedded with 
other types of limestone or with dolomite. It 
occurs chiefly in beds a few inches to a few feet 
thick in the Langston and Bloomington For- 
mations, but is rare in the other limestone 
formations. 

McKee (1945, p. 65-70) suggests various 
modes of origin for these conglomerates. He 
shows that the intraformational conglomerates 
of different beds in the Grand Canyon area have 
generally similar features, are commonly found 
in deposits formed at times of regression, and 
are located exclusively along shoreward margins 
of other limestone facies. This means that they 
were deposited, for the most part, more than 
100 miles seaward from the shore line and were 
probably deposited when the rate of sinking of 
the depositional basin slowed down so that 
parts of it were above the profile of equilibrium 
and caused regression of the sea (McKee, 1945, 
p. 68-69). 

Since all observable data on the origin of the 
conglomerates in Utah seem to bear out 
McKee’s interpretation, it is tentatively ac- 
cepted as valid in this area. 

OOLITIC LIMESTONE: Dark-gray to black, 
fine- to medium-crystalline, medium- to 
thick-bedded limestone containing odlites 14- 
1 mm in diameter is commonly interbedded 
with other limestone facies in the Middle 
Cambrian formations of Utah. Most of the 
units of odlitic limestone are thinner than the 
units of other limestone facies with which they 
are interbedded. They are commonly inter- 
bedded with the Girvanella limestone and the 
intraformational conglomerate, and less gen- 
erally with the silty, aphanitic limestone. 

According to Eardley (1938, p. 1359-1387) 
who described the formation of odlites in Great 
Salt Lake, Utah, calcareous odélites normally 
form as the result of limestone deposition 
around nuclei in open shallow, strongly agi- 
tated waters. Probably the Cambrian odlitic 
beds were deposited in a somewhat similar en- 
vironment for they are closely associated with 
other beds that were also deposited in shallow 
seas. 

UNDIFFERENTIATED CRYSTALLINE LIMESTONES: 
Considerable thicknesses of finely to coarsely 
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crystalline limestones characterize much of the 
Middle Cambrian section. Wide variance jp 
color, bedding habit, texture, and weathered 
surfaces was noted but few distinctive features 
were observed. However, more detailed invest. 
gation might reveal such features. Conditions 
for deposition of these limestones were probably 
somewhat similar to those described for some 
of the other limestone facies except that, in 
general, these undifferentiated limestones were 
probably formed in deeper waters and farther 
from shore than the other facies. 

UNDIFFERENTIATED DOLOMITES: As in the 
case of the undifferentiated limestones men- 
tioned above, considerable thicknesses of dolo- 
mites are also present in the Middle Cambrian 
section. Sufficient time for further study of 
these dolomites was not available and the 
problem of the origin of the dolomites is beyond 
the scope of this paper. Although a detailed 
study was not made, several kinds of dolomite 
were observed. Three types are similar to 
dolomites described by McKee (1945, p. 77- 
79): (1) a very light-colored (usually white or 
light-gray), crystalline, thick-bedded dolomite; 
(2) a light-gray to steel-gray, finely crystalline, 
laminated dolomite which weathers to crean- 
colored surfaces; and (3) a medium- to light- 
gray, usually thinly bedded, platy-weathering 
dolomite which often forms light- and dark-gray 
streaked and mottled outcrops. 

McKee (1945, p. 77-79) suggested a mode of 
origin for the “undifferentiated dolomites” in 
the Grand Canyon region. His conclusions are 
that the dolomites 


“... were all formed in waters of a regressive 
sea. The dolomite probably was developed on the 
sea floor either through direct pecipitation or 
from penecontemporaneous replacement, as is 
indicated by its uniform distribution over wide 
areas, and its representation as clastic grains within 
various beds. Nowhere, so far as is known, does 
it show evidence of being the result of secondary 
action. The suggestion is made, therefore, that 
these deposits are the result of shoaling waters 
with sea bottom near the base level of deposition, 
which, as is pointed out by Twenhofel (1939, p. 
358), favor higher concentration and dolomite de- 
velopment.” 


The results of the writer’s study concur, in 
general, with McKee’s. Only in a few local 
instances was evidence observed of secondary 
dolomitization in the vicinity of faults and 
other structural features. This dolomitization 
seems to border fault zones and joints and is 
similar to that described by Hewett (1931, p. 
57-60) in the Goodsprings area, Nevada. A 
detailed study of the widely distributed and 
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apparently syngenetic or penecontemporaneous 
Cambrian dolomites and their relationships 
with the limestones and other facies might well 
yield interesting and valuable data concerning 
the mode of origin of dolomite. 


Interpretation and Paleogeography 


The evidence presented indicates that the 
sediments of Early and Medial Cambrian age 
in Utah and southwestern Idaho were de- 
posited in an oscillating shallow sea which 
transgressed eastward from beyond the western 
border of Utah. The surface over which this 
sea advanced was probably mature with con- 
siderable relief because the lowermost Cambrian 
formation (the Prospect Mountain Quartzite) 
ranges considerably in thickness and has at its 
base in some localities a coarse subangular 
conglomerate. These conditions suggest ad- 
jacent highlands. For example, between the 
northern part (Wellsville Mountain) and the 
central part of the Wasatch Range the ortho- 
quartzite thins southward from more than 3000 
feet to about 900 feet, and near Ogden, Salt 
Lake City, and Provo, Utah, where the base of 
the orthoquartzite is exposed, the conglomer- 
ates commonly constitute the basal member of 
the formation. This is the locale of the Pre- 
cambrian Northern Utah Highland (Eardley, 
1939, p. 1277-1310) which probably persisted 
as a highland during earliest Cambrian time. 
Very early in Cambrian time, perhaps even in 
late Precambrian (Wheeler, 1948, p. 19-20, 
Fig. 5), the eastward-transgressing sea had 
inundated the lands to the west in Nevada and 
southern California and was advancing across 
western Utah. The biostratigraphic relation- 
ships of the Lower and Middle Cambrian for- 
mations of Utah, Idaho, and Wyoming indicate 
that the strand line reached the eastern bound- 
ary of Utah near the close of the Early Cam- 
brian epoch. 

The descriptions of the various facies and 
faunas indicate that the Early Cambrian was 
primarily an epoch of clastic deposition through 
Utah. The source of the clastic sediments has 
been suggested by Deiss (1941, p. 1090) as “. . . 
the isolated granitic areas to the east and 
north.” The writer did not observe conclusive 
evidence that this interpretation is wholly 
valid. Much of the material must have been 
derived from the east because the sea was 
transgressing in that direction and adjacent 
areas in Nevada were covered by it. On the 
other hand, the Busby Quartzite of the Deep 
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Creek Range (Nolan, 1935, p. 7-8) seems to 
interfinger with the Langston Formation in 
the House Range (Wheeler, 1948, p. 28-29) and 
in the Sheeprock Range. This suggests that 
some clastics, at least in late Early Cambrian 
time, were derived from the west. Detailed 
studies, similar to those made by McKee (1945, 
p- 38-51) of the Tapeats Sandstone in the 
Grand Canyon region, are needed before further 
conclusions about source areas can be made. 

That the strand line of the eastward-trans- 
gressing sea constantly oscillated, especially in 
late Early Cambrian time, is indicated by the 
interbedded strata of orthoquartzite and are- 
naceous greenish-brown shale composing the 
upper transitional beds of the Prospect Moun- 
tain and the Pioche Formations. Probably these 
oscillations resulted from periodic rapid sub- 
sidence followed by decreased subsidence or 
still-stand, when the sea would temporarily 
regress as the basin was gradually filled to 
above the profile of equilibrium. 

By Medial Cambrian time, Utah and south- 
eastern Idaho were inundated, and the Pre- 
cambrian highlands were sites of deposition. 
The strand line was far to the east, and the 
seas were probably somewhat deeper in most 
places than they had been in the Early Cam- 
brian. Thus, in Utah this epoch was primarily 
a period of carbonate and mud deposition in an 
environment closely approximating the epi- 
neritic and shallower parts of the infraneritic 
zones of modern seas. Oscillations of the strand 
line continued throughout the epoch and are 
attested to by the alternate interbedding and 
interfingering of layers of regressive shallow- 
water facies such as the green fissile shale, the 
odlitic limestone, and the intraformational con- 
glomerates with strata of the deeper-water 
facies. No evidence of unequal subsidence and 
the resulting formation of separate basins was 
observed. Highland areas, except far to the east, 
were probably inundated. The area of the old 
Northern Utah Highland was re-elevated and 
deeply eroded in post-Medial Cambrian time, 
and all of the Upper Cambrian and most of the 
Middle Cambrian formations are missing. How- 
ever, the formations that are exposed exhibit 
no thinning, and some formations thicken from 
the north across this area. Therefore, the High- 
land was inundated throughout Medial Cam- 
brian time. No physical evidence of discon- 
formity or biologic evidence of discontinuity 
was found between the Middle and Upper Cam- 
brian rocks, and it is believed that sedimenta- 
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tion continued without a break into the Late 
Cambrian. 
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STRATIGRAPHY OF UPPER PENNSYLVANIAN AND LOWER PERMIAN 
ROCKS IN THE SAND CANYON AREA, OTERO COUNTY, 
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By GreorGE O. BACHMAN AND Puitip T. Hayes 


ABSTRACT 


The Magdalena Group of Pennsylvanian age and, in ascending order, the lower tongue 
of the Abo Sandstone (herein named the Danley Ranch Tongue), the Hueco Limestone, 
the upper tongue of the Abo Sandstone (herein named the Lee Ranch Tongue), and the 
Yeso Formation of Permian age are well displayed in the southern part of the Sacramento 
Mountains. The contact of the Pennsylvanian rocks with the overlying Permian rocks 
is unconformable throughout the area. Locally the relief before deposition of the Abo 
was so great that in places the Danley Ranch Tongue of the Abo is absent because of 
nondeposition. At these places there is prominent angular discordance between the 
Pennsylvanian and Permian rocks. 

The red beds of the Danley Ranch Tongue interfinger with and grade southward into 
the overlying Hueco Limestone. Red beds of the Lee Ranch Tongue of the Abo Sand- 
stone also grade southward into the Hueco and cannot be traced south of the southern 
part of the Sacramento Mountains. The Lee Ranch Tongue is believed to be strati- 
graphically lower than the Deer Mountain Red Shale Member of the type Hueco Lime- 
stone. The herein named Otero Mesa Member of the Yeso Formation is believed to 
occupy an intermediate stratigraphic position between the Lee Ranch Tongue and 
the Deer Mountain Red Shale. 
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The Sand Canyon area includes about 15 fingering with the Hueco Limestone. The 
square miles in the southern part of the Sacra- ower tongue of the Abo Sandstone is here 
mento Mountains, Otero County, New Mexico, named the Danley Ranch Tongue, and the 
in parts of Ts. 19 and 20 S., Rs. 11 and 12 E. upper tongue of the Abo Sandstone is named 
(Fig. 1). Stratigraphic relationships of upper the Lee Ranch Tongue. Relationships of the 
Pennsylvanian and lower Permian strata Abo Sandstone with the unconformity which 
are exceptionally well displayed. The Abo underlies the Abo in the Sacramento Moun- 
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INTRODUCTION 


tains also are well displayed in the Sand 
Canyon area. 

Field work was done to clarify relation- 
ships of the several stratigraphic units before 
compilation of this part of the new geologic 
map of New Mexico. Bachman did recon- 
naissance mapping and measurement of 
stratigraphic sections in and adjacent to the 
area during a 2-week period in the summer 
of 1955. More detailed mapping was done, 
and most of the sections were measured by 
the writers during the first 2 weeks of Decem- 
ber 1955. These sections were measured by 
compass and hand-level methods. 

Valuable suggestions were given in the field 
by C. H. Dane. E. H. Baltz and R. L. Koogle 
assisted in part of the field work. 


STRATIGRAPHY 
General Statement 


Sedimentary rocks of all Paleozoic systems 
crop out in the Sacramento Mountains. A 
few miles north of the Sand Canyon area 
rocks of Late Cambrian age crop out and 
rest on quartzite presumed to be Precambrian. 
The Upper Cambrian rocks are overlain by a 
sequence of strata representing the Ordovician, 
Silurian, Devonian, Mississippian, Pennsyl- 
vanian, and Permian systems. The general 
stratigraphy has been studied by Darton 
(1928) and Pray (1954). Numerous workers 
have contributed detailed information on indi- 
vidual formations and systems. 

The rocks mapped by the writers in the 
southern part of the Sacramento Mountains 
include part of the Magdalena Group of 
Pennsylvanian and Permian ages, and the 
Abo, Hueco, and Yeso formations of early 
Permian age. Relatively small outcrops of 
the Permian San Andres Formation form the 
caprock on higher mountain peaks in the 
eastern part of the map area, but they were 
not studied. 


Pennsylvanian System 


The Pennsylvanian System is represented 
in the southern part of the Sacramento Moun- 
tains by the Magdalena Group. The Magda- 
lena Group here consists of clastic and 
carbonate rocks. In the northern part of the 
Sacramento Mountains the Magdalena Group 
includes the Bursum Formation of early 
Permian age, but this formation was not 
recognized in the Sand Canyon area. Pray 
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(1954, p. 93) suggested the revision of the 
nomenclature of the Pennsylvanian rocks 
in the Sacramento Mountains, but the name 
Magdalena Group is adequate for the present 
purpose. 

The Magdalena Group in the Sand Canyon 
area is divisible into two informal units. The 
lower unit consists of several hundred feet 
of thin- to thick-bedded marine limestone 
that is at most places medium gray and 
weathers to a lighter gray. Dark-gray chert 
nodules and stringers are common along 
bedding planes. 

The upper unit of the Magdalena Group 
varies in thickness, but it averages about 1000 
feet in the southern part of the Sacramento 
Mountains. It consists of fine- to coarse- 
grained clastic rocks with some interbedded 
limestone. The clastic rocks include gray to 
tan or brown shale and siltstone, greenish- 
gray to reddish graywacke, arkose, and con- 
glomerate. The constituents of the coarser 
clastic rocks are varied and include quartzite, 
rock fragments, and a variety of heavy 
minerals. In some places numerous fossil 
logs are preserved within the clastic sediments. 
In the S% sec. 9, T. 20 S., R. 11 E., the upper 
unit of the Magdalena Group contains several 
hundred feet of limestone pebble and cobble 
conglomerate, reddish-brown shale and silt- 
stone, and a thin bed of fusulinid-bearing 
limestone. These beds are lithologically similar 
to the Bursum Formation of Permian age in 
the northern part of the Sacramento Moun- 
tains, but no evidence for the Permian age 
of these red beds in the Magdalena Group 
at the south end of the mountains has been 
found. Apparently the red beds in the upper 
part of the Magdalena at the south end of 
the mountains were derived from local up- 
lifting that began in late Pennsylvanian. 
Similar red-bed sequences of late Pennsyl- 
vanian age are locally present throughout 
south-central New Mexico. 

The limestone beds in the upper part of 
the Magdalena Group average 1-3 feet thick. 
Many of the limestone beds are lenticular 
but are not comparable texturally to bio- 
hermal limestones. Locally, beds have been 
observed to thicken to 20 or 30 feet within 
a few hundred yards along their strike. Most 
limestone beds in the upper unit of the Magda- 
lena Group are noncherty, but locally detrital 
chert may be associated with the clastic rocks. 
Stratigraphic sections of the Magdalena 
Group were not measured. 
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The contact of the Pennsylvanian sequence 
with the overlying Permian rocks varies 
from one of angular unconformity to one of 
disconformity within relatively short distances. 
Locally, strata were strongly folded and faulted 
before deposition of sediments of the Abo. 
This relationship is similar to the one Pray 
described (1949, p. 1914) north of the map 
area. 


Permian System 


General statement—Permian rocks in the 
southern part of the Sacramento Mountains 
are the Abo, Hueco, Yeso, and San Andres 
formations. The Bursum Formation which 
lies at the base of the Permian System at 
the northern end of the Sacramento Moun- 
tains has not been recognized in the southern 
part of the mountains. 

Intertonguing reflects the northward lateral 
gradation of the Hueco Limestone into red 
beds of the Abo Sandstone. About 15 miles 
north of the Sand Canyon area, the Hueco 
Limestone wedges out between the upper 
and lower parts of the Abo (Pray, 1954, p. 
101). 

Danley Ranch Tongue of the Abo Sand- 
stone—The lower tongue of the Abo Sand- 
stone, here named the Danley Ranch Tongue, 
crops out in the Sand Canyon area in a narrow, 
discontinuous band from the northeast edge 
of the area to the north fork of Culp Canyon 
(Fig. 1). Southward from Culp Canyon it is 
covered by alluvium of Quaternary age except 
for incomplete exposures southwest of the 
Sand Canyon area. 

The Danley Ranch Tongue of the Abo 
Sandstone is named for the Danley Ranch 
on which the unit is well exposed. The type 
stratigraphic section is exposed in the SW14 
sec. 35, T. 19 S., R. 11 E., about 1 mile east 
of the Danley Ranch headquarters (Fig. 
2D). 

Soft red shale, reddish-brown cross-lami- 
nated shaly siltstone, and very fine-grained 
sandstone are the predominant rocks of the 
Danley Ranch Tongue. However, thin ledges 
of thin-bedded tannish-weathering light-olive- 
gray limestone, which probably represent 
minor tongues of the Hueco Limestone, are 
present in the unit at most places. Beds of 
conglomerate are present in most - localities 
in the lower part of the tongue. 

Four types of conglomerate have been 
recognized in the Danley Ranch Tongue in 
the map area. The beds of conglomerate 


vary in lithology and are believed to haye 
been derived in part from local source areas 
The first type of conglomerate is found imme. 
diately north of: the map area at the base of 
the Danley Ranch Tongue (Fig. 2A). Mos 
of granules and pebbles in this conglomerate 
are quartzite fragments, but fragments of , 
distinctive rhyolite porphyry are common, 
Fragments of rhyolite porphyry have been 
observed in the Abo Sandstone northward 
from the Sand Canyon area to at least the 
latitude of Tularosa, New Mexico, and ar 
believed to have been derived from an area 
northeast of the present Sacramento Moun- 
tains. A second type of conglomerate was 
observed near the base of the Danley Ranch 
Tongue in the bottom of a small draw in the 
SEY, sec. 3, T. 20 S., R. 11 E. At that locality 
there is a limestone boulder conglomerate 
which contains subangular slabs of limestone 
of Pennsylvanian age ranging from 1 or ? 
inches to more than 10 inches in diameter 
in a matrix of reddish-brown, coarse-grained, 
angular to subangular, arkosic sandstone. The 
writers believe that the slabs of limestone in 
this conglomerate had a local source and were 
derived from the near-by Pennsylvanian 
mendip described below. The third type of 
conglomerate is common in resistant beds 
from 1 to 5 feet thick in the SEY sec. 9, T. 
20 S., R. 11 E. Most of this conglomerate 
consists of subrounded pebbles and_ cobbles 
of limestone in a calcareous sandstone matrix. 
Pebbles of brownish sandstone and _ angular 
chert also are present but are not common. 
This conglomerate probably had a_ local 
source, but transportation of the sediments 
permitted some rounding of the constituents. 
The fourth type of conglomerate was examined 
in the NW sec. 11, T. 20 S., R. 11 E., and 
consists of angular chert fragments ranging 
up to 10 inches in diameter in a resistant 
reddish-brown fine-grained matrix which is 
probably an iron-rich carbonate. This con- 
glomerate probably represents the remnants 
of a regolith. A soil that contained chert 
nodules may have been developed at this 
point, on the lower part of the Magdalena 
Group, during Permian time. The develop- 
ment of such soil as the result of weathering 
of calcareous rocks is described by Merril 
(1906, p. 216). The finer particles of soil 
have been removed, and a lag gravel of chert 
nodules in an iron-rich carbonate matrix 1s 
left. 

In most of the map area the red beds and 
conglomerates of the Danley Ranch Tongue 





































STRATIGRAPHY 693 
- Ce ae 
have % 
we 
reas, rg 
° ° ° ° 2 
nme- 3 3 $ 8 S 8 of 
, ! 9 
SE 0] ee ee Se neal 7) 
Most ® 
ot c 
°o 
erate 2 
Cc 
of a Ss Ee 
x n 
mon. @ 28 UI 
7 £a 
been ese] 
want . 2 qunaylilt ° 5 I S 
st the £ | ® a 2s pint $ 
c > e 
d are Z\l\s | \ z£& | sla! \3 5 
a rs | > eesa ® 
| area oI \E iyi 2 N & B0----°* 
a = | n w/v ee 
Moun- = ‘ae 
2 was 3 |2 | 3 4 
Ranch cf = § 
. - c 
in the ze: _— s § ‘ 
: 8% sinh s = 6 
reality ©°3  wilnlns 23 S 
to « @ § vA 
nerate Se - > < 
estone = é& < = 
$ 2 a 
or 2 E z 
ameter 2 2 75) 
. oo n 
rained, . eB é 
e. The ui = s rs 
; c= & 32 f A - 
one it er e a 4 | H H i > ap) 
© eu & eof aq Hil | u O HI a Bs 
d were =9 25 Cs « « Z 
: w S= < 
vanian or cy A £ Z 
ype of I 
. a 
t Me fa 
Tee. > 
merate a i 
- c Lal 
vd v So 
cobble 8 23 3 e ~ 
matrix. g= -¢ re a. oe 
Se =6§ = $e = *S & ¥ Z 
angular © a Ss eee $38 8 fe) 
= D 7° a o& c . 2 2 @ = 
ymmon. = E § J ES 2 a 8 § 2 5 
local yn” oO a ao oO oO ras] 
\ 
, J wi - Ss = 
liments 8 € yy 
eae 4 \ s 3 3 = 
ituents. \\ aoe e 
e el c S 
amined 6 1\ = 2 & 
7, and ui 
»., and , 
an oe ih it TICTHA he Le AT PS A 
= 1 i! 
co ae © eG Ub HH Hit tala POH on be gaat ane ES 2 
esistant = 9 iz = = a 
. . 4 c| @ « 
hich is ar 31 2 g 
is con- 5 $ £ = 
smnants Is a (8 
2 
d_ chert roa jz 
his gw 2 S els | z 
at this ¢ a 2 7 2 ° | Tih . bak 
gdalena @Osg £ z\3 a is tiga te 2 
levelop- 8 eke =\5! ig 7 2 
f . elo i 
athering §|3 8 g! | § 4 
; 2 2 
Merrill s| | 3 = 
= « Pal c 
ol soil c ° > | | 3 ad 
+ chert . § an ss 
lof cher z § a x 
. . ° 
atrix 1s 8. = f i 
@23 i 
> 
Cu 
leds and ¢ 
Tongue 1 























694 


S.W. 


Lee Ranch tongue of the Abo sandstone (Pal) 


N.E. 


BACHMAN AND HAYES—SAND CANYON AREA, NEW MEXICO 





l 
TT — 


it 
] 


I 


I 
ST TT 
i 


Z 








i 
I 









( Ph) 


rT 





— - 


limestone 


I 
x 











l 
T 


















































Danley 
eae 


ue of the Abo sandstone: 


AAA, 
“IAP H 5 | YY, 
rH HHH HHH HI Lp 
AHHH II eo YY 
TMA oS] 
HHH 1 1h ts YY 
mi HH He VW 
HUH HE Ht 


a ce 


tongy 


- 
. 
oO 


ae 


renneylvenion 


FicurE 3.—DIAGRAM SHOWING STRATIGRAPHIC RELATIONS OF ROCKS IN THE SAND CANYON AREA 
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of the Abo Sandstone rest with sharp angular 
unconformity on grayish limestone and shale 
beds of the Pennsylvanian sequence. Most 
commonly the rocks underlying the Danley 
Ranch Tongue belong to the upper unit of 
the Magdalena Group. However, in local 
areas where there was pronounced uplift and 
erosion before Abo deposition the Danley 
Ranch Tongue rests directly on the lower 
limestone unit of the Magdalena. The pre. 
Abo relief was so great locally in Sand Canyon 
that the Danley Ranch Tongue is absent 
altogether owing to nondeposition, and strongly 
folded beds of the lower unit of the Magdalena 
Group are overlain by the Hueco Limestone 
(Fig. 3). These angular relationships do not 
extend to the southwest corner of the area, 
however. In the S’% sec. 9, T. 20 S., R. 11 
E., the Danley Ranch Tongue overlies the 
upper part of the Magdalena sequence with 
a disconformable contact. There at the top 
of the Magdalena several hundred feet of 
interbedded red beds and limestone con- 
taining Trilicites sp. are present. These strata 
do not occur elsewhere in the map area. They 
are somewhat similar in lithology to the Per- 
mian Bursum Formation in the northem 
part of the Sacramento Mountains but appar- 
ently do not contain Permian fusulinids. 

The Danley Ranch Tongue has an inter- 
fingering relationship with the overlying Hueco 
Limestone. Some of the interfingering is of 
sufficient magnitude to be indicated on the 
geologic map (Fig. 1, SE4 sec. 3, T. 20S, 
R. 11 E.; see Figs. 2, and 3), but in most 
places the contact is transitional and was 
mapped at the top of the highest red bed. 
As a result of the transitional nature of the 
contact, thin limestone tongues of the Hueco 
are usually present in the upper part of the 
Danley Ranch Tongue. Red-shale tongues 
of the Danley Ranch Tongue grade laterally 
southward into gray shale beds of the Hueco 
Limestone. Conversely, the limestone tongues 
of Hueco in the Danley Ranch Tongue either 
pinch out northward or grade to shaly lime- 
stone, thence to limy gray shale, thence to 
red shale. The southward tonguing and lateral 
gradation of the Danley Ranch Tongue into 
the lower part of the Hueco Limestone take 
place at several localities in the area but are 
much more common off the flanks of the 
buried Pennsylvanian mendips. 

The thickness of the Danley Ranch Tongue 
varies widely in the southern part of the 


Sacramento Mountains as a result of the 
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intertonguing with the Hueco Limestone 
aad from the marked relief of the erosional 
surface on which the Abo was deposited. The 
maximum measured thickness of the Danley 
Ranch Tongue within the area is nearly 200 
feet in the El4 sec. 3, T. 20 S., R. 11 E. Less 
than 1 mile south of that point the tongue 
is absent, and the Hueco Limestone lies 
directly on the lower unit of the Magdalena 
Group. In the southwestern part of the area 
an accurate measurement of the Danley 
Ranch Tongue is not possible owing to the 
disconformable nature of the contact and to 
poor exposures. The average thickness of the 
Danley Ranch Tongue in all the sections 
measured is about 100 feet. 

Fossils were not found in the Danley Ranch 
Tongue, but because of its intertonguing 
relationships with the lower part of the Hueco 
Limestone it is considered to be middle and 
late Wolfcamp. Within 13 miles south-south- 
west of this area C. C. Branson collected 
ammonoids “from about 900 feet above the 
base of the Hueco” which are considered 
late Wolfcamp (in Miller and Parizek, 1948). 

The Danley Ranch Tongue and the Pow- 
wow Conglomerate Member of the Hueco 
(King and Knight, 1945) were probably 
deposited under similar environmental condi- 
tions just before the deposition of the sediments 
of the Hueco (Fig. 5). Inasmuch as the Pow- 
wow Conglomerate is not traceable northward 
into New Mexico from the type locality, the 
Danley Ranch Tongue of the Abo Formation 
is here considered to be a separate unit. 

Hueco Limestone—The Hueco Limestone 
in the Sand Canyon area crops out in rela- 
tively steep ledgy slopes in a south-south- 
westward-trending band which averages about 
1 mile in width. Limestone makes up at least 
half of the Hueco, and shale makes up most 
of the rest; the percentage of shale increases 
from south to north. Thin units of sandstone 
and siltstone are present. Most of the lime- 
stone is light olive gray to medium gray, 
fine-grained, and occurs in beds ranging from 
| inch to 1 foot thick. Many beds contain 
poorly preserved. fossils of several types. 
Fusulinids were not found within the map 
area by the writers, but gastropods and ostra- 
cods are common. Most of the shale in the 
Hueco is gray and calcareous. The sandstone 
and siltstone beds are brownish, thin-bedded, 
and most of them are cross-laminated and 
grade northward into thin tongues similar 
in lithology to the Abo Sandstone. 
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In most of the mapped area, the Hueco 
Limestone is conformably underlain by the 
Danley Ranch Tongue of the Abo Sandstone 
into which it grades laterally northward. 
Locally, however, in the vicinity of Sand 
Canyon, the Hueco rests with angular uncon- 
formity on the lower part of the Magdalena 
Group. The upper part of the Hueco Lime- 
stone grades laterally into, and is conformably 
overlain by, a sequence of red beds which is 
here referred to as the Lee Ranch Tongue of 
the Abo Sandstone. The lateral gradation of 
the Hueco into the Lee Ranch Tongue in a 
general northward direction is similar in 
character to the intertonguing of the Hueco 
and the Danley Ranch Tongue but occurs on 
a much smaller scale. The only tonguing of 
the Hueco and the Lee Ranch Tongue ob- 
served in the field takes place in the S14 sec. 
15, T. 20 S., R. 11 E. (Figs. 1, 2G). The Hueco 
Limestone thickens from about 350 feet 1 
mile north of the map area to nearly 600 
feet near Culp Canyon, a distance of about 
5 miles. Most of this gain in thickness is 
attributed to intertonguing of the Hueco 
Limestone with the Abo Sandstone. However, 
some of the gain may be attributed to the 
variation in relief of the surface on which the 
Hueco Limestone was deposited (Fig. 2). 

All but the uppermost part of the Hueco 
is probably Wolfcamp, as in the Hueco Moun- 
tains (King and Knight, 1945; Lloyd, 1949; 
Jones, 1953). The uppermost beds of the 
Hueco at the south end of the Sand Canyon 
area, however, are known to be lateral equiva- 
lents of part of the Lee Ranch Tongue of 
the Abo Sandstone which is apparently early 
Leonard. 

Lee Ranch Tongue of the Abo Sandstone.— 
The Lee Ranch Tongue of the Abo Sandstone, 
here named for exposures in the SE sec. 
11, T. 20 S., R. 11 E., about 7 miles southwest 
of the O. M. Lee Ranch headquarters, is 
generally rather poorly exposed in a narrow 
slope-forming outcrop on the backslope of 
the topographic shelf formed by the Hueco 
Limestone. At the type locality the Lee Ranch 
Tongue is 106 feet thick and consists pre- 
dominantly of salmon-red shale and siltstone, 
but some thin-bedded fine-grained _ soft- 
weathering sandstone beds are present (Fig. 
4F). In the northern part of the area it con- 
sists predominantly of reddish-brown, very 
thin-bedded, cross-laminated, very fine-grained 
sandstone and siltstone. 

The Lee Ranch Tongue rests conformably 
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upon the Hueco Limestone and intertongues — sandstone beds and locally by white gypsum jf} 1 
with it near the south end of the mapped area. _ the Yeso Formation. The contact is gradation § ° ® 
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intertongues southward into the Hueco Lime- _ tion does not exceed a few feet. The lowest pink Oro, 
stone in the S¥4 sec. 15, T. 20 S., R. 11 E. _ ish clastic beds or gypsum mark the base of the Cul 

Unfortunately, the uppermost part of the Lee Yeso Formation. equi 
Ranch Tongue is lost to view because of poor The Lee Ranch Tongue is believed to be early Abo 
exposures and normal faulting in this vicinity, Leonard. C. B. Read states (personal communi- hove 
but the writers believe it unlikely that more cation): beds 
than about 30 or 40 feet of the unit could ex- “In Caballero Canyon (above angular uncon and 
tend southward from Culp Canyon. formity in the uppermost beds of the Abo sané Hue 

The red beds of the Lee Ranch Tongue are stone) a florule has been collected which contains traci 
conformably overlain by pinkish siltstone and elements of the Gigantopteris flora. Similar floras 
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have been obtained from the Belle Plains formation 
of north Texas. Inasmuch as the Gigantopleris 
flora is underlain by the Callipteris flora both in 
New Mexico and in Texas, it is an established fact 
that the Gigantopteris flora can not be older than 
uppermost Wolfcamp and most paleobotanists 
regard it as lower Leonard in age. About 11 miles 
east of Orogrande a collection of fossil plants was 
obtained from the uppermost beds of the Abo 
sandstone as mapped by Darton (1928). Included 
in the collection were numerous specimens of 
Supaia sp. and Brachyphyllum arizonicum. This 
forule is a part of the Supaia flora which makes 
its appearance in the uppermost beds of the Abo 
sandstone and its equivalents in much of New 
Mexico and Arizona. The Supaia flora and the 
Gigantopleris flora are believed to be lateral or 
facies equivalents. In consequence, the Supaia 
flora, like the Gigantopteris flora, is regarded as 
Leonard in age. The vertebrate sequence, in a 
general way, corroborates the floral sequence and 
the inferences regarding the Leonard age.” 


Thompson (1954, p. 19) stated that the upper 
part of the Hueco Limestone in the Hueco 
Mountains contains an assemblage of fusulinids 
which is “more similar to subjacent Hueco 
faunas than to younger Permian faunas.” At 
the type locality of the Wolfcamp Series in the 
Glass Mountains in western Texas the upper- 
most strata of the Wolfcamp have been re- 
moved by erosion (King, 1930, p. 55; 
Thompson, 1954, p. 19). Thompson proposed 
that the Wolfcamp Series be redefined to in- 
clude the upper part of the Hueco Limestone 
in the Hueco Mountains. However, in view of 
the evidence of Leonard age of the upper part 
of the Abo Sandstone and the lower part of the 
Yeso Formation, both of which appear to inter- 
finger with the upper part of the Hueco Lime- 
stone, the writers prefer to include the upper 
part of the Hueco Limestone in the Leonard 
Series. 

The writers believe that the uppermost beds 
of the Abo Sandstone in Caballero Canyon are 
essentially equivalent to the Lee Ranch Tongue 
of the Abo Sandstone in the Sand Canyon 
area—hence the early Leonard age designation 
of the Lee Ranch Tongue. However, the 
“uppermost beds of the Abo sandstone” (Read, 
above quotation) about 11 miles east of 
Orogrande (approximately 14 miles south of 
Culp Canyon) do not appear to be lateral 
equivalents of the Lee Ranch Tongue of the 
Abo Sandstone. Although Pray (1954) be- 
lieved that “the upper tongue of the Abo red 
beds can be traced nearly to the Texas border 
and forms the Deer Mountain red shale of the 
Hueco limestone”, the writers were unable to 
trace the Lee Ranch Tongue farther south than 
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Culp Canyon where it goes under an alluvial 
cover 4 miles wide. 

Yeso and San Andres formations.—Four miles 
south of Culp Canyon a red-bed sequence occurs 
which is somewhat similar lithologically to the 
upper part of the Abo Sandstone of central 
New Mexico but unlike the Lee Ranch Tongue 
of the Sand Canyon area. Miller and Parizek 
(1948) considered that this red-bed sequence is 
the Abo Sandstone as used by Darton (1928); 
Pray (1954) and Thompson (1954, p. 20-21, 
Fig. 5) also considered it to be a continuation 
of the upper part of the Abo. However, this 
sequence is not traceable into nor herein cor- 
related with the thinner Lee Ranch Tongue of 
the Abo. It is underlain by a gypsum-bearing 
sequence at a number of localities as observed 
by the writers and other workers in the area 
(Darton, 1928; Miller and Parizek, 1948) and 
is considered to be a part of the Yeso Formation 
(Figs. 4, 5). It is here named the Otero Mesa 
Member. 

The Otero Mesa Member of the Yeso Forma- 
tion is named for fairly good exposures at the 
base of Otero Mesa. The type section is in a 
westward-facing cuesta in $14 sec. 17, T. 21S., 
R. 11 E., about 5 miles south of Culp Canyon 
where it consists of 168 feet of red to maroon 
shale and resistant ledges of reddish-brown to 
tan cross-laminated sandstone (Fig. 4H). The 
Otero Mesa Member lies conformably on a 
poorly exposed sequence of gypsum, gray shale, 
and thin-bedded dolomite about 50 feet thick, 
which is designated as the basal part of the 
Yeso Formation. It is overlain by a poorly 
exposed sequence of gypsum, pink shale, and 
fine-grained sandstone. The Otero Mesa Mem- 
ber here described is continuous with the beds 
“about 11 miles east of Orogrande’”’ (Read, 
above quotation). 

In summary, rocks that previous workers 
have identified as the Abo Formation south of 
Culp Canyon are interpreted as a distinct unit 
and herein named the Otero Mesa Member of 
the Yeso Formation for the following reasons: 

(1) The Otero Mesa Member is underlain by 
gypsum, shale, and thin-bedded dolomite which 
are considered to be more closely related genet- 
ically to the Yeso Formation than to the under- 
lying Hueco Limestone. 

(2) The Otero Mesa Member includes a 
larger proportion of sandstone than the 
southernmost exposures of the upper part of 
the Abo Sandstone (the Lee Ranch Tongue) 
near Culp Canyon. 

(3) The Lee Ranch Tongue thins greatly 
southward and is only about 30-40 feet thick at 
the exposures near Culp Canyon, whereas the 
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Otero Mesa Member is 168 feet thick at the 
type locality 5 miles south of Culp Canyon. 
Pray (1954, p. 101) stated that “the upper 
tongue of Abo red beds (the entire Abo 
of Darton) can be traced nearly to the Texas 
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red beds in the Yeso Formation which overlix 
the Otero Mesa Member is nearly continuo 
southward from the apparent wedge edge of th: 
Otero Mesa Member and is well exposed jy 
sec. 13, T. 25 S., R. 10 E. 
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FIGURE 5.—CoRRELATION DIAGRAM OF LOWER PERMIAN Rocks 
Numbers refer to index map (Fig. 1). 


border, and forms the Deer Mountain red shale 
of the Hueco limestone.”’ However, the writers 
believe that the Otero Mesa Member of the 
Yeso Formation (identified as the “upper 
tongue of the Abo” by Pray) is somewhat lower 
stratigraphically than the Deer Mountain Red 
Shale Member of the Hueco Limestone. Pos- 
sibly the two units are stratigraphically equiva- 
lent, but there is a gap of at least 16 miles be- 
tween definite exposures of the two units, and 
correlation of the Deer Mountain Red Shale 
Member with rocks northward in New Mexico 
is arbitrary. 

The writers suspect that the Otero Mesa 
Member wedges out southward about 20 miles 
from the type locality and may not be present 
south of T. 24 S., R. 10 E. However, the lack 
of exposures southward from this township pro- 
hibits further tracing of the interval occupied 
by the Otero Mesa Member. The sequence of 


The writers suggest that this sequence of red 
beds and gypsum is correlative with the Deer 
Mountain Red Shale Member of the Hueo 
Formation. 

The upper part of the Yeso Formation 
and the lower part of the San Andres Limestone 
are present on the eastern edge of the map area 
(Fig. 1), but they were not studied during the 
present investigation. In general, the Yes 
Formation consists of pinkish sandstone and 
siltstone, gypsum, and thin-bedded aphanitic 
limestone and dolomite. The carbonate content 
of the Yeso increases considerably from north 
to south within the Sand Canyon area. The 
contact of the San Andres Limestone and the 
Yeso Formation is drawn arbitrarily at the 
base of the lowest massively bedded limestone 
This contact is somewhat lower than that used 
by Northup and Pray (in Lloyd, 1949). 
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The outcrop pattern of Paleozoic rocks in 
the Sacramento Mountains trends generally 
south to southeast. South of Grapevine Canyon, 
however, the trend changes to southwest. 
Regionally, sedimentary rocks of the Sacra- 
mento Mountains dip toward the east from a 
west-facing frontal scarp which overlooks the 
Tularosa Basin. Locally, the direction of dip 
is variable, and reversal of dip is common along 
the front of the mountains. 

Local folding and faulting are common in the 
Sand Canyon area, and at some places the rocks 
are highly distorted. This deformation may be 
attributed to at least two periods of orogeny. 
The earliest movement indicated is late Penn- 
sylvanian and early Permian and the second 
orogenic episode was probably during Tertiary 
time. 

Evidence for the earliest period of folding 
and faulting in the map area may be observed in 
the NEY sec. 10, T. 20 S., R. 11 E., where 
Pennsylvanian strata are strongly folded into 
a northward-trending faulted anticline which 
is overlain by less disturbed Permian rocks. 
Dips on the west limb of the fold average about 
40°. The eastern limb is less steep, and dips 
probably do not exceed 30°. 

The anticline was partially eroded before 
deposition of the sediments of the Abo Sand- 
stone and the Hueco Limestone. Along the axis 
of this anticline cherty limestone beds of the 
lower unit of the Magdalena Group are exposed 
and are overlain by strata of the Abo and Hueco 
sequence of Permian age. The absence of the 
upper unit of the Magdalena Group at this 
locality is evidence that erosion stripped away 
at least 1000 feet of strata before Permian 
deposition. The axis of this Pennsylvanian fold 
may be projected southward into the SEY sec. 
10, T. 20 S., R. 11 E., where a small inlier of 
the lower unit of the Magdalena is present in 
the bottom of an unnamed canyon. The axis of 
this structure may also be projected northward 
out of the map area into a large faulted anti- 
cine north of the Grapevine Canyon road. 
Evidence is not now available to prove the age 
of folding of the geologic structure north of the 
Grapevine Canyon road, but analogy with 
similar folding that can be dated indicates that 
much of this folding occurred during late Penn- 
sylvanian. 

The coarse clastic material in the upper unit 
of the Magdalena Group indicates that some 
uplifting occurred in surrounding areas in late 
Pennsylvanian time. In the Sand Canyon area 


local folding and deposition were probably con- 
current near the close of Pennsylvanian time, 
as beds of limestone cobble conglomerate of 
late Pennsylvanian age lap onto the western 
side of the above-mentioned Pennsylvanian 
anticline in the NEY sec. 10, T. 20S., R. 11 E. 

Orogeny of probable Tertiary age resulted 
in regional uplift and local folding and faulting. 
Permian strata dip generally eastward and re- 
flect this period of uplift. Locally, however, the 
Hueco Limestone is strongly folded in the SE4 
sec. 10 and the NEY sec. 15, T. 20 S., R. 11 E. 
At some places in this area there is a suggestion 
of an unconformable relationship within the 
Hueco, but careful study of individual beds 
failed to prove this relationslip. 

Only four normal faults of probable Tertiary 
age have been indicated on the geologic map 
(Fig. 1). Stratigraphic displacement of the 
faults is variable but probably does not exceed 
350 feet on any of these faults. They trend gen- 
erally north and are parallel to the front of the 
Sacramento Mountains. 


DEPOSITIONAL History 


The Sand Canyon area is significant for the 
detailed stratigraphic relations of uppermost 
Pennsylvanian and lower Permian rocks that 
are observed there. From these details the 
depositional history may be interpreted in part. 

Late in Pennsylvanian time there was strong 
local folding on the sea bottom within the Sand 
Canyon area and possibly immediately north, 
as well as about 20 miles north in the Sacra- 
mento Mountains (Pray, 1949). The uplifted 
areas were eroded and contibuted con- 
glomeratic sediments to the surrounding low 
areas intermittently from late Pennsylvanian 
into early Permian. At about the close of Penn- 
sylvanian there was regional uplift, and 
throughout earliest Wolfcamp, when _inter- 
bedded limestone and red beds of the Bursum 
Formation were being deposited farther north, 
the Sand Canyon area was being subjected to 
erosion. By middle Wolfcamp the sea began to 
transgress from the south, and fluviatile de- 
posits of the lower part of the Abo Sandstone 
were deposited in the Sand Canyon area. Most 
of these sediments were probably derived from 
the north and east, but some locally derived 
conglomeratic sediments also came from the 
strongly folded Pennsylvanian rocks. Some of 
these Pennsylvanian rocks remained as mendips 
of bedrock in the coastal plain and were there- 
fore never covered or only slightly covered by 
red-bed deposits of the Danley Ranch Tongue. 
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During most of the time that the red beds of 
the Danley Ranch Tongue were being deposited 
north of Sand Canyon the marine limestone 
and shale of the Hueco Limestone were being 
deposited at the extreme southern end of the 
area. The general northward transgression of 
the sea during Hueco time was intermittently 
interrupted by minor regressions which are re- 
flected by the many thin beds of the Danley 
Ranch Tongue that interfinger with the Hueco 
Limestone. These interfingering relations are 
particularly common near the areas of marked 
relief before deposition of the Abo and suggest 
that very slight movement continued into 
Hueco time. After the sea covered the highest 
Pennsylvanian hills near Sand Canyon during 
Hueco time, it transgressed much more rapidly 
with only minor periods of retreat, as indicated 
by the less abrupt interfingering in the northern 
part of the area. Thus, interfingering of the 
Danley Ranch Tongue with the lower part of 
the Hueco Limestone is of two types: (1) local 
complex interfingering as a result of local supply 
of sediments of the Abo from mendips which 
existed well into Hueco time, and (2) regional 
interfingering of the two formations asa result of 
the transgressive onlap of the sea during Hueco 
time. The advance of the sea ended late in Wolf- 
camp or early in Leonard about 15 miles north 
of the Sand Canyon area. The sea then re- 
treated quite rapidly but with some fluctuation. 
Interfingering between the Hueco Limestone 
and the Lee Ranch Tongue just north of 
Culp Canyon reflects some of this fluctuation. 

The total thickness of marine sediments left 
by the sea during Hueco time ranges from about 
350 feet at the north end of the Sand Canyon 
area to about 600 feet at the south end. Red-bed 
sediments of the Lee Ranch Tongue were de- 
posited to a thickness of about 100 feet over 
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the Sand Canyon area while deposition of the 
Hueco Limestone was continuing to the south 
The close of late Abo time was marked by the 
beginning of evaporite and carbonate depos: 
tion alternating with deposition of red beds o) 
the Yeso Formation. 
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ABSTRACT 
Urano-organic substances form essential constituents of the uranium ore at Temple 
issociated Mountain, Utah. These occur in the vicinity of highly altered collapse structures asso- 
1. Survey ciated with carbonaceous and petroliferous materials. Chemically, the ore is similar to 
low-rank coals. Geological conditions, the uranium distribution, texture, physical prop- 
Permian erties, and microscopic characteristics are indicative of a petroliferous origin. The ore is 
Col. Sor, considered a uranium analogue corresponding to thucolite, the thorium and rare-earth 
ountain radioactive mineral. The writers believe that induration resulted from polymerization 
7: Univ. and oxidation-devolatilization of hydrocarbons, caused by the interaction of ore solu- 
tions and organic materials at elevated temperatures. The limits of temperature postu- 
eology of lated are a minimum of 100° C. and a maximum possibly as high as 350° C. 
Audspeth A characteristic group of metallic elements is present in the ore, as shown by the 
y Prelim X-ray spectrograph. A rough zonal relation exists. Arsenic, cobalt, and selenium are 
: concentrated near the collapse, whereas uranium, zinc, and vanadium appear more 
tigraphy abundant in the mining area away from the collapse. Small particles of uraninite and 
fin - sphalerite are disseminated throughout the ore, but the zonal relation is emphasized by 
a the occurrence of native arsenic near the collapse and by the occurrence of montroseite, 
ring and the primary vanadium oxide, in the mining area. The distribution of supergene oxida- 
tion minerals of vanadium and arsenic is further confirmation. 
A lower Ore textures suggest the emplacement of uranium-bearing organic material by the 
Mexico flocculation and subsequent accretion of hydrocarbons immiscible in aqueous ore solu- 
: tions. Replacement of the sediments took place under the corrosive influence of the ore 
Ber and pre-ore solutions. Contemporaneously, metallic elements were extracted from the 
p. 1914 solutions by the organic material. During emplacement and induration, dispersed parti- 
cles of metallic minerals were formed. Banded nodules of the organic material and associ- 
structure ated metallic minerals developed as the intensity, composition, and quantity of the 
irpment solutions varied through time. 
h Field A change in the character of the ore solutions is indicated in the vicinity of the col- 
; lapse by the presence of large replacement masses of dolomite and siderite above the ore 
eo horizon, abundant late hydrothermal jarosite in the Chinle, marcasite below the ore 
Com, horizon, and the replacement of carbonate at depth. Slightly acidic conditions prevailed 
at depth, and neutral to slightly alkaline conditions prevailed above the ore horizon. 
tion A Collapse features provided channels for the migration of organic materials and for the 
penetration of hydrothermal solutions. 
‘ARY OF The occurrence of native arsenic, 2M: mica clay, and large masses of dolomite, and 
the character of the urano-organic ore indicate heating in excess of the effects ordinarily 
Rk U.S attributed to ground water. The distribution and character of the alteration, the ore- 
mineral suite, and the presence of collapse structures suggest an epithermal hot-spring 
origin for the uranium mineralization. The features at Temple Mountain are significant 
in the delineation of centers of uranium mineralization elsewhere on the Colorado 
Plateau. 
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Temple Mountain first became an important 
mining area during the epoch of radium ex- 
ploration, about 1920. The search for uranium 
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revived mining operations in recent years. The 
mining district has lately been one of the majo 
uranium producers on the Colorado Plateau. 
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The ore is a urano-organic material. Such 
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FicurRE 1.—SketcH Mar SHOWING THE LOCATION OF TEMPLE MOUNTAIN 
Warm springs occur in the vicinity of producing uranium mines. 





deposits occur in a number of places on the San 
Rafael Swell, at Elk Ridge in eastern Utah, in 
New Mexico, at Placerville, Colorado, and 
probably elsewhere. At Temple Mountain, 
most of the ores are concentrated in the Moss 
Back Member of the Chinle Formation and are 
distributed throughout an area of about a 
square mile. Isolated ore patches in several 
torizons establish a vertical spread of approxi- 
mately 1500 feet from the Triassic Wingate to 
the Permian Kaibab. The zone of widespread 
vertical distribution of ore is accompanied by 
alteration and lies close to the Temple Moun- 
lain collapse (Kerr, Kelley, Bodine, and Keys, 
1955; Kerr, Bodine, Kelley, and Keys, 1957) 
where great blocks of down-dropped strata lie 
partly buried in consolidated debris. 

A study of the Temple Mountain mining 


district began in 1954. A preliminary report on 
the mechanism of emplacement of the ore 
(Kelley and Kerr, 1956) is herein revised and 
expanded. A brief discussion of phases involved 
in the mechanism of ore emplacement has been 
published (Kerr and Kelley, 1956). 

Temple Mountain lies along the southeastern 
side of the San Rafael Swell in Emery County, 
Utah, 44 miles southwest of Green River 
(Fig. 1). A description of Temple Mountain and 
the San Rafael Swell in general is furnished in 
the report on the collapse features cited above 
(Kerr, Bodine, Kelley, and Keys, 1957). A 
columnar section (Fig. 2), cross section (Fig. 5), 
and a diagram showing the distribution of the 
ore in the mining district (Fig. 6) indicate the 
geologic setting. 

Two major types of organic material are as- 
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sociated with the organic ore: plant detritus and 
petroliferous residue. 

Plant debris and fossilized logs are found in 
the Moss Back Sandstone and sparsely through 
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Tar seeps occur in many places, and poroy 
sandstones from the Coconino through Wingat, 
formations are locally oil-stained. Oil staining 
extends through Moss Back strata for sever, 
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FIGURE 2.—COLUMNAR SECTION OF FORMATIONS IN THE VICINITY OF TEMPLE MOUNTAIN 


the rest of the Chinle. At the Delta mine, near 
the southeastern corner of the swell, logs and 
carbonaceous trash have been replaced by pitch- 
blende. No urano-organic ore or petroliferous 
material have been reported from this locality. 
Calf Mesa, at the north end of the swell, con- 
tains deposits of urano-organic materials. As at 
Temple Mountain, the coalified plant fragments 
associated with the ore are essentially un- 
mineralized. Elsewhere on the swell, particu- 
larly along the western side, urano-organic ore 
is associated with both nonuranium- and 


uranium-bearing plant remains. 


miles east of Temple Mountain. Similar staining 
also occurs in a number of localities elsewher 
in the swell in Coconino, Moenkopi, an¢ 
Chinle siltstones and sandstones. An asphalti 
material similar physically to asphaltite 
present in minor amounts in much of the Temple 
Mountain collapse. Locally, mixtures 
petroliferous materials and coalified wood maj 
be recognized. 

Since the strata exposed at the surface do m 
generate oil the source of the petroleum li¢ 
either at depth or to one side of the swell i 
older Paleozoic rocks. The existence of pette 








lifer¢ yu: 
known 
petroli 
Colora 
Baker 
1954) 

vicinit 
the sou 
have b 
Penns} 
sedime 


T'riassi 


The 
to Dr. 
Survey 
Labor 
study. 
Hamil 
Colum 
ind as 
electro 

This 
the as: 
the D 
\tomit 

i Dr 
Nining 
Wood, 
ated. 


Stuc 
nelud 
nterp! 
ment. 
X-ray 
sis, mi 
and tk 
hardne 
mal ar 

The 
nature 
may b 
the nr 
grains 
Irom a 
dimen 
size a 
tainin; 
ince | 
0 alte 
physic 





Poroys 
Vingat, 
staining 

severa! 


ining 
where 
and 
haltic 
ite is 
emple 
Ss Ol 


| may 


lo no! 
n lies 
ell in 
re tr0- 





INTRODUCTION 


jiferous sands in the general region has long been 
known. Prommel and Crum (1927) recognized 
petroliferous strata in the vicinity of the 
Colorado and Green rivers; Gilluly (1929), 
Baker (1946), and Wengard and Strickland 
(1954) confirmed the presence of oil in the 
vicinity of the San Rafael Swell, particularly to 
the south, east, and north. Oil and gas showings 
have been reported from the subsurface of the 
Pennsylvanian Hermosa-Paradox sequence of 
sediments to the Glen Canyon Group of 
lriassic- Jurassic age. 
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TECHNIQUES OF INVESTIGATION 
General Statement 


Study of the uranium-bearing organic ore 
included a survey of physical properties and the 
interpretation of the mechanism of emplace- 
ment. The principal methods used have been 
X4ay diffraction, X-ray spectrographic analy- 
‘is, microscopic examination of polished surfaces 
and thin sections, fragment immersion, micro- 
iardness determination, and differential ther- 
mal analysis. 

The greatest handicap in the study of 
natural organic materials at Temple Mountain 
may be attributed to the finely mixed nature of 
the materials. Various contaminant mineral 
grains in the insoluble urano-organic ore range 
irom a millimeter in diameter to submicroscopic 
dimensions and are irregularly distributed in 
‘ie and area. Destructive techniques for ob- 
taining pure organic material were avoided, 
‘ince the resulting organic substance might be 
waltered that the determination of the original 
physical properties would be irrelevant. The 
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best samples of material separated for physical 
testing contained about 10 to 15 per cent mi- 
croscopically visible contaminants. Although 
the presence of fine-grained matter decreases 
the reproducibility and accuracy of experi- 
ments, the results of studies show that vari- 
ations are restricted, and valid and significant 
interpretations are possible. 

Various techniques have been used to isolate 
and identify the small contaminant mineral 
particles. Single minerals and mineral mixtures 
were separated from the ore by hand picking, 
elutriation, settling in tetrabromethane, and by 
the use of the Frantz Isodynamic Separator. 
The resulting small quantities of material were 
subjected to X-ray-diffraction study, X-ray 
spectrographic analysis, microscopic examina- 
tion, and qualitative chemical tests. 

Descriptive data on color and streak are 
based on Ridgway Color Standards (1912). 
Qualitative estimates of relative solubilities of 
organic material refer to powder immersed in 
carbon tetrachloride for 10 minutes at room 
temperature. Specific-gravity determinations 
were made, with a Roller-Smith Precision 
Berman Balance, on fragments weighing be- 
tween 5 and 17 milligrams. All fragments were 
visibly free from contaminants under low 
magnification. 


Microhardness 


A Tukon Microhardness Tester, Model MO, 
manufactured by the Wilson Mechanical Instru- 
ment Division of the American Chain and Cable 
Company, was used to determine microhardness 
(Kopp, 1955, M.A. Thesis, Columbia Univ.). 
The Knoop Indenter was used, and hardnesses 
are recorded in Knoop numbers. Indentations 
were made in areas visibly free from contamina- 
tion under microscopic observation. All ma- 
terials were tested more than four times. 
Distinguishable ranges of hardness were ob- 
tained for various types of organic substances. 


Differential Thermal Analysis 


Differential thermal analyses were under- 
taken with the multiple apparatus described by 
Kerr and Kulp (1948). The rate of temperature 
increase was 121° per minute to 1020° C. All 
materials were ground to approximately 0.07 
mm, and similar packing and quantities were 
used. 

Glass (1954) summarized attempts at differ- 
ential thermal analyses of coals. By using con- 
ventional equipment with a nickel sample 
cover, he has been able to differentiate ranks. 
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Variability reflects plasticity and to some degree 
the amount of weathering, particularly in low- 
rank coals. Differential thermal analyses of 
naturally occurring carbonaceous material are 
not reproducible with the precision obtained in 
many cases with inorganic substances. Differ- 
ential thermal analyses of organic materials in 
air, without covering, have little significance, 
because of dominant oxidation (exothermic). 

In order to reproduce experimental conditions 
used by Glass (1954), runs were made varying 
the weight and fit of the sample cover. 

Results obtained with a heavy cover are used 
in this report and are considered generally 
comparable to the study of coals by Glass. 
Forms of the curves for the same sample are re- 
producible, and similar samples are, in general, 
alike. However, variation occurs in the maxi- 
mum temperatures of endothermic dehydration, 
endothermic devolatilization, and exothermic 
oxidation reactions. Reproducibility of high- 
temperature reactions has not been consistent; 
hence comparisons of curves of the different 
organic substances studied may be made only 
for the lower-temperature reactions. The vari- 
ations are believed to be the result of: 

(1) Contaminant reactions differentially pro- 
duced by slight variations in the rate of 
oxidation, because of differences in total 
amount and packing of the material 

(2) Minor reactions characteristic of the 
organic material but differentially 
masked 
Varying volatile partial pressures caused 
by differing rates of volatile escape be- 
tween samples in the covered multiple 
sample head 

About 45 thermal analyses have been made 
of coals and indurated hydrocarbons; the sig- 
nificant examples are included. 


(3 


Sa 


X-ray Spectrographic Analysis 


The theory and method of using internal 
standards for semiquantitative determinations 
of elements have been outlined by Stevenson 
(1954) for columbian ores. 

X-ray spectrographic analysis of the organic 
materials was used, not only to determine 
associated metallic elements, but also for the 
semiquantitative determination of uranium 
equivalent to U;0s. A North American Philips 
X-ray Spectrograph was used. Samples were run 
in air, and the fluorescent spectra were diffracted 
by a lithium fluoride crystal. To guard against 
the unpredictable effect of variable amounts of 


contaminant elements, an internal standard ws 
used. Bismuth was selected, since it has no 
been detected in the organic materials , 
Temple Mountain, because the wave lengths, 
the emission lines are relatively close to those ¢ 
uranium, and the other elements present shou) 
have little effect on the standard-calibratig, 
reference lines. Standards were prepared, using 
approximately 4 per cent bismuth, pure silic; 
as a diluent, and a range from 0.1 to 10.0 pe 
cent U;0g3. The resulting calibration curve wa: 
used for the semiquantitative determination 

per cent U;0g, in the organic materials teste 
(Fig. 3). Small quantities of organic materia 
were mixed with the internal standard to tot, 
2 grams. Mixing was accomplished by grinding 
Identically sized sample holders were used, ar 
grinding and packing were essentially uniform 

The approximate content of elements other 
than uranium could be estirnated by comparisa 
with the uranium standards and 1, 5, and} 
per cent standards of Cr, Fe, and Zn. Ac. 
curacy by comparison yields an order of magn 
tude of .x, x., and xx. per cent. 

All runs were made under identical cond 
tions, so that the minimum lower limit of ek 
ment detection was kept constant. Tots 
mechanical error is estimated at 6.5 per cent 
the U3;0, determination. Under the established 
experimental conditions, the minimum lower 
limit of uranium detection was equivalent t 
0.3 per cent U;Os. 


X-ray Diffraction 


X-ray-diffractometer, powder-camera, af 
X-ray-microcamera techniques were used | 
identify minerals associated with the organ 
materials. Young (1954), in a preliminary i- 
vestigation of solid hydrocarbons, describe 
one- and two-ring powder patterns. X-ray pat 
terns of the organic materials at Temple Mou 
tain have not revealed significant ring chara- 
teristics. X-ray-diffraction patterns show tha! 
the major graphite spacing (002) is present as¢ 
warp in coals as low in rank as high-volatil 
bituminous (Siever, 1952). The presence of pro- 
graphite spacings in the organic materials # 
Temple Mountain has not been demonstrated 
Other less definitive X-ray-diffraction spacing 
noted for various natural organic substance 
(Dietrich, 1956) are either absent or masked bj 
contaminant mineral particles. Most of th 
lines from patterns of organic materials may 
attributed to included contaminant grains, 4 
though the possibility exists that some u! 
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TECHNIQUES OF INVESTIGATION 


assigned lines may be due to one or more organic 
or metal-organic substances crystalline enough 
togive a pattern. 

Standard tests were used in thin section and 
polished surface analyses (Larsen, 1921; Short, 
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Relics of Vegetation 


Range in uranium content.—The uranium 
content of fossil plant debris in general is 


limited to trace amounts (Gott, Wyant, and 
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FicurE 3.—X-Ray SPECTROGRAPH CALIBRATION CURVE FOR URANIUM 
Bismuth is the internal standard 


140), and a few autoradiographs were made of 
plished surfaces of ore samples. 


ORGANIC MATERIALS 
General Statement 


Several forms of organic material have been 
reported at Temple Mountain (Kerr, Bodine, 
Kelley, and Keys, 1957). These show a range in 
olor, luster, hardness, microscopic appearance, 
radioactivity, chemical content, association, and 
field occurrence. The field occurrences recog- 
nized are: 


Relics of vegetation 

Silicified logs 

Trash: vitrain, fusain, and clarain and durain 
Organic material of petroliferous origin 

Fluid and semifluid tar 

Dry oil impregnating sandstones 

Asphaltic material 
Urano-organic materials 


Beroni, 1952). Almost no uranium has been re- 
ported in the major coal fields of the Appa- 
lachian and Mid-Continent regions of the 
United States. Apparently, only in the Rocky 
Mountain region do certain large deposits of 
coal carry uranium (Vine, 1955). However, up 
to 10 per cent uranium occurs locally in lignitic 
units in the Dakotas. 

Many of the uranium mines and prospects on 
the Colorado Plateau show an association of 
uranium with relict organic materials. Plant 
debris and logs may be replaced by pitchblende; 
some excellent replacements are found in the 
Delta mine at the southern end of the San 
Rafael Swell. Although replacements by the 
pitchblende may occur, the plant material in 
many cases retains microscopically the ap- 
propriate wood structure (Miller, 1955a). 

Preliminary experiments show that coals and 
comparable substances can remove uranium 
from solution under laboratory conditions. The 
extraction of uranium by peats, lignites, and 
sub-bituminous coals may amount to between 
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98 and 99.9 per cent of the uranium present in 
solution (Moore, 1954). Uranium found in sub- 
bituminous coals and lignites is apparently as- 
sociated with the humic components of coal, 
probably as a urano-organic compound (Breger, 
Deul, and Rubinstein, 1955; Breger, Deul, and 
Meyrowitz, 1955). Miller (1955b) believes that 
the formation of pitchblende associated with 
plant remains resulted from the reaction of ore 
solutions containing uranium (as a complex 
uranyl carbonate or uranyl hydroxide ion) with 
organic sulfur or pyritic sulfur genetically 
associated with the plant remains. Pitchblende 
also could be precipitated from reduction of 
uranium in solution by the organic materials. 
In the laboratory, uraninite has been precipi- 
tated between 25°C. and 260° C. Crystallite 
study by Croft (1954) suggests that coarser 
crystals result at the higher temperatures. 

Although uranium ore is concentrated in 
wood replacements in the Colorado Plateau, 
plant detritus in the Temple Mountain uranium 
district yields little if any ore. Plant remains, 
both removed from and intimately associated 
with the urano-organic ore, yield no uranium 
above the lower limits of X-ray spectrographic 
detection (plus 0.3 per cent U;0Og). In general, 
the usual types of plant remains characteristic 
of basal Chinle sandstones of the Plateau region 
appear to be present at Temple Mountain. 
These types include silicified logs and coalified 
wood trash. The Temple Mountain coalified 
fragments appear to be low-rank bituminous 
coal or lignite. Plant detritus is abundant in the 
Moss Back Sandstone but may also occur in 
upper Chinle and the lower Monitor Butte 
members. 

Silicified logs —Fossil logs are in many cases 
silicified, but a few have a 14- to 114-inch rim 
of vitrain. Pyrite replaces the rim in many 


cases, and desiccation cracks in the outer por 
tion of the logs are also filled with organj 
materials, detrital grains, pyrite, or secondar 
hydrous iron minerals. Cell texture is in mam 
cases clearly outlined by the silica replacemen; 
Association and content suggest that the organic 
rim may be in part impregnated with petro. 
liferous material. 

Coalified wood trash—Coalified wood frag. 
ments constituting trash zones, in most places 
are restricted to bedding planes, have ni- 
croscopic and physical properties characteristic 
of organic materials of the coal rock types 
vitrain, fusain, and possibly minor clarain and 
durain (Hacquebard, 1950; Marshall, 1955). Ir 
a few places pyrite is associated with the tras} 
zones. 

VITRAIN: The woody parts of original vegeta- 
tion, composed predominantly of anthraxylon 
represent the vitrain. The organic rims oj 
silicified logs are made up mainly of this ma- 
terial. Trash fragments are commonly vitreous 
and black. In thin section, the material is 
weakly translucent, either deep red or reddish 
brown (PI. 2, fig. 1; Pl. 3, fig. 2). Cell structure 
is uncommon. On polished surfaces, the materia 
is gray and smooth (PI. 2, fig. 2). X-ray spectro- 
graphic analyses reveal x. per cent Fe and 
traces of Zn, As, and V (0.x to x. per cent 
Microhardness ranges between 26.0 and 32.1 
Knoops (Moh’s 2), typical of coals (Table 1 

FUSAIN: Commonly, the trash zones contair 
fusain that is dull and brown to brownish 
black. It is predominantly opaque in thi 
section and variably gray on polished surface 
On polished surfaces, cell structure is common 
(Pl. 2, fig. 3). X-ray spectrographic analyses 
reveal x. per cent Fe, with a few traces of Zt 
and As (0.x per cent). The microhardness i 


PLATE 1.—TEXTURES OBSERVED IN HAND SPECIMENS 


Ficure 1. Tar-soaked sandstone. A Moss Back core fragment from the collapse area. Semifluid ta 


black mass) and scattered spots are shown in the bordering unsaturated sandstone. 


Figure 2. Ore-impregnated standstone. Rounded, partially spherical masses of urano-organic ort 


(Uo) in the Moss Back Sandstone are surrounded by a zone of pyrite replaced sandstone (Py). Calyx area 


(The vertical mark is a hardness indentation.) 


FicurE 3. Ore-impregnated sandstone penetrated by nonuranium-bearing asphalt. Asphaltic mat 
(black) lies at the bottom of the view. It follows bedding in the Moss Back Sandstone in a specimen from 


Flat Top Mesa. 


Ficure 4. Nonuranium-bearing asphaltic material in mineralized sandstone 
fracture in low-grade urano-organic ore (Uo)-impregnated sandstone. Core fragment from the collaps 


area equivalent to upper Coconino or Kaibab. 


erla 





Asphalt (Asp)-fille 


Ficvre 5. Silicification along fracture. Sandstone along one side of a fracture is completely silicifie 
(Si) and contains coatings of realgar and orpiment (Or). The other side of the fracture is composed ol argi 
lized sandstone (ss). Core fragment is from the breccia zone in the collapse area 


FigurE 6. Marcasite in the collapse area. Bands of marcasite parallel and subparallel to bedding ™ 


silty mudstone. Core fragment is from the breccia zone in the collapse area. 
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PHOTOMICROGRAPHS: SOME TEXTURES IN NONURANIUM-BEARING ORGANIC MATERIALS 
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ORGANIC MATERIALS 


approximately 24 Knoops (Moh’s 2), typical 
for coals (Table 1). 

CLARAIN AND DURAIN: Although most of the 
coalified wood fragments contain fusain or 
vitrain, some of the associated carbonaceous 
matter reveals in thin section small patches of 
eranular or amorphous opaque material 
opaque attritus or micrinite) and, rarely, 
translucent attritus. Sufficient amounts of 
these materials are not present to identify the 
constituents. The terms clarain and durain are 
tentatively applied to these attrital materials. 

The larger fossil plant remains are generally 
silicified, whereas the smaller fragments are still 
ganic. Possibly the species of fossil wood, as 
vell as the type of woody material, influences 
ts receptivity to replacement by mineralizing 
solutions. Most of the remains show compres- 
sion, implying either soft vegetation or the 
existence of a considerable thickness of sedi- 
ments on top of the Moss Back before silicifica- 
tion and pyritization. 


Organic Material of Petroliferous Origin 


Range in uranium content.—Organic material 
{ petroliferous origin is found along fault and 
fracture planes, along bedding planes, on con- 
tacts between lithologic units, and impreg- 
nating permeable strata. 

Crude oil, in general, contains uranium in 
oncentrations of less than 0.02 ppm (Erickson, 
Myers, and Horr, 1954). Indurated hydro- 
carbons, however, generally contain slightly 
more uranium; the amount varies considerably 
vith the type of material and locality. Three 
ypes of nonradioactive petroliferous materials 
are recognized at Temple Mountain: fluid or 


709 


semifluid tar, dry oil impregnating sandstones, 
and asphalt. 

Fluid and semifluid tar—Black to dark- 
brown viscous tar is common. It has been found 
in the Moss Back ore horizon (Marshbank 
Incline and Calyx Hole mines no.’s 3, 6, and 9, 
for example), in the Sinbad Member of the 
Moenkopi at the northern edge of collapse no. 4, 
in upper Chinle-lower Wingate dolomite near 
the collapse, in the Temple Mountain collapse 
(Pl. 1, fig. 1), in drill holes lower in the struc- 
ture east of Temple Mountain, and along 
South Temple Mountain Wash. The tar forms 
seeps and viscous impregnations along bedding 
planes, fractures, and faults. In places it seeps 
over ore and plant debris. It is soluble in most 
organic solvents. It is present interstitially as 
thin coatings on the detrital grains and has no 
corrosive or repiacement effect on the host 
rock. 

Semiquantitative spectrographic analyses of 
the ash of two samples of “viscous asphalt” by 
Erickson, Myers, and Horr (1954) indicate that 
the uranium content is below 50 ppm (0.005 per 
cent) and that traces of the metallic elements 
common to petroliferous materials are present 
(Table 7). X-ray spectrographic analyses reveal 
.x per cent Fe and in a few samples traces of 
As and Ni (0.x per cent). An X-ray spectro- 
graphic analysis of the ash of one sample at 
approximately 1000° C. indicated only iron, 
since the arsenic was probably volatilized 
during calciriation. 

Dry oil impregnating sandstones.—Sediments 
impregnated with dry oil are conspicuous in the 
area. Bleaching, within and bordering the 
Temple Mountain collapse, may be attributed 
in part to the reduction of iron by petroleum. 


Pirate 2.—PHOTOMICROGRAPHS: SOME TEXTURES IN NONURANIUM-BEARING 
ORGANIC MATERIALS 


Figure 1. Vitrain, distorted with wavy extinction. Translucent fragment of vitrain (V) surrounded by 
pyrite (Py). From the Moss Back Sandstone in the calyx area. Thin section, crossed nicols. 

Ficure 2. Pyrite particles in vitrain follow partly destroyed cell structure. Pyrite is aligned along scat 
tered cells in a fragment of vitrain. From the Moss Back Sandstone of the calyx area. Microhardness in 


lentations (K) are shown. Polished surface. 


Ficure 3. Coalified wood fragment impregnated with asphalt. Distorted cell walls of fusain (?) are 


vhite 





ished surface. 


Asphaltic cell filling is dark gray. From the Moss Back Sandstone bordering the collapse area. Pol 





Figure 4. Distortion of coalified wood material by asphalt. White cell wall materials have been broken, 
‘istorted, and partially displaced by dark-gray asphalt (a). From the Moss Back Sandstone bordering 
the collapse area. Polished surface. 

Ficure 5. An intimate mixture of coalified wood and asphalt. The texture of the white cell walls of a 

valified fragment is barely discernible. Dark-gray asphalt (a) appears as scattered patches and follows 
smal] fractures in the fossil wood. From the Moss Back Sandstone bordering the collapse area. Polished 
surlace, 

Ficure 6. Mixed coalified wood and asphalt. Cell texture is absent. Asphalt (a) occurs surrounding, 
and as streaks within, coalified wood (Cw). Canada balsam cement appears darker gray (Cb). From the 
loss Back Sandstone bordering the collapse area. Polished surface. 
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Moenkopi sandstones and siltstones are locally 
oil-impregnated, particularly adjacent to frac- 
tures, faults, and collapse structures. The Moss 
Back and Wingate sandstones are commonly 
saturated. Some Chinle sandstones and silt- 
stones are locally bleached adjacent to faults. 
Most of the section of Moss Back northeast 
of Temple Mountain is impregnated. The 
Coconino Formation is petroliferous northeast 
of collapse no. 4, along Straight Wash to the 
northeast, and where encountered in drill holes 
in the Temple Mountain collapse area. 
Throughout the swell, many other localities are 
similarly impregnated. 

Though Temple Mountain is an outlier, and 
the Wingate cap is not connected with Wingate 
strata to the east, possibly the distribution of 
the dry oil before erosion assumed the form of a 
cone, with the apex in the Wingate or even 
higher on Temple Mountain, and with a slope 
decreasing away from this center. However, 
distribution of the oil depended largely on the 
permeability of strata. 

Spectrographic analyses of the ash of four 
samples of hydrocarbons extracted from 
“petroliferous rocks” by Erickson, Myers, and 
Horr (1954) show traces of metallic elements in 
the ash corresponding to viscous asphalts 
(Table 7). Uranium content ranges between 0.2 
ppm and 67 ppm (less than 0.006 per cent). 

The impregnated fresh rock is light brown, 
and the oil forms a thin coating on detrital 
grains, without corrosive effect. The organic 
material represents a stage in the normal 
oxidation of petroleum. 

Dry oil, because of its uniform nature and 
wide distribution, is independent of the uranium 
mineralization. It both predates and postdates 
the ore. In places, oil-impregnated sediments are 
cut by fractures filled with ore and indurated 
hydrocarbons. Petroleum impregnation after 
ores were deposited is shown by the low concen- 
tration of uranium in dry oil, the lack of replace- 
ment of the host rock, and the lack of induration 
even where associated with the ore. 

Asphalt —A hardened, brittle, black, lustrous 
nonuranium-bearing petroliferous material, 
asphalt,! occurs in fractures in dolomitized, 
sideritized, and goethite-bearing masses on and 
near Temple Mountain (PI. 3, fig. 1). It fills 
small fractures in core fragments in ore at a 
depth of 777 feet in hole V-5 (PI. 1, fig. 4). It is 
present as coatings on calcite-filled fractures in 


1In physical properties, the material is similar 
to asphaltite, but chemically it corresponds to an 
asphalt or mineral wax. 
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upper Chinle strata along the south edge 
South Temple Mountain. ; 

The asphalt appears to form within and ne, 
the collapse areas. It fills vugs and fractures 
the Sinbad northwest of collapse no. 4 ang 
present along bedding planes and fractures ; 
ore-impregnated Moss Back Sandstone at th 
north end of Flat Top Mesa (PI. 1, fig. 3), a 
locally in the calyx area. 

DESCRIPTION: The physical characteristics 
the asphalt (Table 5), are somewhat varia} 
In general, the hardness values agree with tho 
of asphaltites and asphaltic pyrobitume 
(Table 1). The material is softer and mo 
elastic than coals and ore. Microhardne 
indentations in asphalts are more poorly ; 
veloped than in coalified wood and ore. 

Erickson, Myers, and Horr (1954) record 
spectrographic analyses of the ash of 1 
samples of asphalt from the San Rafael Sw: 
Metallic elements in the ash are essentially t! 
same as those found in the ash of viscu 
asphalts and hydrocarbons extracted fro: 
petroliferous rocks in the swell (Table 7). X-r 
spectrographic analysis of the asphalt revee 
0.x to x. per cent Fe and a few traces of As, (: 
and Ni (0.x per cent), similar to X-ray spectr 
graphic analyses of semifluid tars (Table 
However, the ash of an asphalt yielded or 
iron. As in the semifluid tars, the arsenic 4 
pears to have volatilized during ashing. 

If one allows for the ordinary variations 
which differential thermal analyses of orgar 
materials are subject, particularly at high 
temperatures, the asphalt at Temple Mou 
tain appears to correspond to uintaite- 
variety of gilsonite from eastern Utah (Fig. 
Major endothermic dehydration occurs betwe: 
160°C. and 185°C. A secondary water lo 
apparently occurs between 195° C. and 245 
Exothermic oxidation reactions occur as t 
peaks separated by the major endothem 
devolatilization reaction between 430°C. a 
445° C. The first oxidation peak is broad, } 
tween 350° C. and 400° C., and the secondar 
peak occurs between 540° C. and 550°C. F 
lowing the oxidation reactions, a small su 
sidiary endothermic devolatilization pe 
occurs between 600° C. and 620° C. The highe 
temperature reactions are variable. The & 
thermic reaction in the vicinity of 865° C. # 
880°C. may represent a structural chang 
similar to the condensation of hexagonal carbe 
planes following volatile loss, as proposed ! 
Glass (1954) for coals. The presence of secon 
ary water loss and the temperature ranges 
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ORGANIC MATERIALS 


oxidation, as well as volatilization reactions, 
distinguish the curves of the asphalts from the 
general variable patterns of other asphaltites, 
asphaltic pyrobitumens, urano-organic ma- 
terials, and low-rank coals (Figs. 9, 10, 11). 
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has reached a stage between asphalt and 
asphaltite. 

ASSOCIATIONS: Mineral fragments plucked 
from surrounding rocks by the asphalt yield 
X-ray-diffraction lines (Table 10, lower Wingate 


TABLE 1.—MICROHARDNESS OF SOME ORGANIC MATERIALS 


se —* hardness — Equivalent Moh’s 
noop) iiaing hardness 
P) 
Indurated hydrocarbons* 1.9-15.9 9.5 —1to1.5 
Asphaltites* 6.8-15.9 12.6 1 to 1.5 
Grahamite 15.3-15.9 13.6 
Gilsonite (var. uintaite) 6.8-11.8 9.5 
Asphaltic pyrobitumens* 1.9-10.3 6.5 —ltol 
Wurtzilite 1.9-3.9 2.9 
Albertite 9.5-10.3 10.0 
“Asphaltum” 8.6-10.4 9.4 
Temple Mountain asphalts 3.1-15.0 8.4 ito L.5 
Some coals* 22 .3-62.3 43.0 2 to 2.5 
Lignite 34.3-60.5 46.7 
Bituminous 22.3-29.0 25.0 
Anthracite 53 .8-62.3 57.4 
Temple Mountain coalified fragments 24 .2-32.6 28.5 2 
Thucholite 52.0-89.7 65.5 2 to 3 
Elk Ridge, Utah urano-organic materials 37 .2-62.3 54.2 Z:to-2.5 
San Rafael Swell urano-organic materials* 31.1-129.4 67.7 2 to 3 
Temple Mountain 31.1-129.4 71.9 
Elsewhere 55.3-76.4 63.5 
Uraninite*t 412 .0-624.6 505.7 5.5:to7 
Elk Ridge, Utah 465 .4-624.6 532.8 
Happy Jack Mine, Utah 412.0-562.0 478.6 


* Recorded range and average hardness include all types listed under this category. 


t Palache et al. (1944) gives Moh’s hardness of 5.5 for uraninite. 


The physical characteristics of this material 
are those of asphaltites, particularly uintaite. 
However, chemically, the asphaltic material at 
Temple Mountain differs from asphaltites in 
having a lower percentage of fixed carbon and 
more oxygen (Tables 3, 4). In concentration of 
fixed carbon, it corresponds closely to mineral 
wax, such as ozokerite, which occurs as vein or 
fissure fillings in Utah (Abraham, 1920). The 
greater concentration of oxygen in the Temple 
Mountain material, compared with any of the 
indurated hydrocarbons, suggests oxidation 
subsequent to deposition. Iron sulfates are in 
many places associated with the material in 
fractures. 

The writers consider that the Temple Moun- 
tain asphaltic material represents a product of 
induration and oxidation of a petroleum that 


asphalt). In order of decreasing relative abun- 
dance, these are quartz, illite, dolomite, a little 
pyrite, and one or more additional substances, 
depending on the sample. Asphalt from frac- 
tures in dolomitic Wingate contains primarily 
quartz and dolomite, whereas asphalt from 
clay-bearing sediments, to a great extent, con- 
tains quartz and illite. 

A sequence in deposition appears in asphalt- 
filled fractures where hematite and goethite 
cement lower Wingate Sandstone (PI. 3, fig. 1). 
From the outside of the fracture inward the 
relationships are: 

(1) A thin outer zone of massive goethite 

(2) An intermediate zone of thin discon- 

tinuous stringers—dominantly magne- 
site, with minor intermixed calcite 

(3) Massive asphalt which fills the center of 

the fracture 
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These relationships indicate that initially 
goethite and hematite replaced the lower 


Wingate Sandstone, fracturing and secondary 
deposition of goethite followed, and petroleum 
impregnation occurred along fractures. Finally, 
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believed to be impregnated with asphaltic 
material. 

Near the collapse, at the Camp Bird mines, 
polished surfaces of sandstone surrounding ore 
show two types of organic substances, neither 
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the petroleum became indurated, shrinkage oc- 
curred, and magnesite and calcite were de- 
posited in contraction cracks along the edge and 
through the asphalt. The goethite is not cor- 
roded by the asphalt and little corroded by the 
carbonate. 

In places asphalt has directly filled fractures 
in the dolomite masses and in ore-impregnated 
sandstones. Asphalts fill fractures that cut 
carbonate, clay, iron-altered sediments, and ore, 
indicating introduction subsequent to the 
major period of alteration and mineralization 
(PI. 1, figs. 3, 4). 

COALIFIED WOOD IMPREGNATED WITH AS- 
PHALT: A few fragments of coalified wood are 


of which contains uranium. The first is light 
gray, relatively free from foreign particles, and 
exhibits woody cell-wall texture. The second is 
darker gray, turbid with foreign particles, and 
forms as mobile impregnations having no woody 
texture. 

A sequence of intimate textural relations 
shown with the microscope indicates that 
coalified wood distorted by compression along 
bedding planes was infiltrated by a hydrocar- 
bon. The cells were first filled with the hydro- 
carbon (PI. 2, fig. 3). Distortion of the cell walls 
and moderate destruction of the woody texture 
followed (Pl. 2, fig. 5). Finally, the two ma- 
terials, although still retaining their identity, 
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became so intimately mixed that the original 
cell structure was obliterated (PI. 2, fig. 6). Ina 
few cases, nodular forms of organic material 
represent distorted cell structure (PI. 2, fig. 4). 
The microhardness of these mixtures (24-29 
Knoops, Moh’s 2) is similar to coalified wood 
fragments (24-33 Knoops, Moh’s 2), harder 
than indurated hydrocarbons (2-16 Knoops, 
Moh’s 1). 

The mobilization of cell-wall components of 
the fossil plant debris is apparently localized 
near the original site of the wood and is re- 
stricted to destruction of woody texture. The 
microscopic relationships indicate an accom- 
panying introduction of a hydrocarbon. 


Urano-Organic Materials 


Distribution —Uranium-bearing organic ma- 
terials constitute the uranium ore in the 
Temple Mountain mining district. Near or 
within the collapse, these materials occur at 
scattered intervals in strata where surface pits, 
adits, and drill cores show a vertical range of 
approximately 1300 feet from Coconino 
through Wingate (Fig. 5). The ore is most 
abundant in the Moss Back but occurs in 
Wingate, Chinle, upper Moenkopi, and Kaibab 
or Coconino units. 

In the major mining area away from the col- 
lapse, the ore is found in the Moss Back Sand- 
stone, where deposits are small and most are dis- 
continuous; their abundance and_ proximity 
make the district productive. Small ore bodies 
are characterized by predominantly lithologi- 
cally controlled streaks of high-grade ore, with 
encircling halos of disseminated low-grade ore. 
Adjacent halos join in a few places and make a 
low-grade ore connection between the high- 
grade cores. However, many more halos are 
separated by barren to weakly mineralized 
sandstone. In a few places ore-impregnating 
sandstones cut across sedimentary structures 
and form ore rolls. Two levels of ore-impreg- 
nated Moss Back are represented at Calyx Hole 
mine no. 8, the South workings, and part of the 
Camp Bird workings. The lower level is close to 
the base of the Moss Back; the upper level is 
25-30 feet above, toward the top of the sand- 
stone. The greatest production of ore has been 
from the lower horizon. 

Ore bodies in the calyx mining area, about 
half a mile southeast of the collapse, form a belt 
approximately a mile long and up to half a 
mile wide, trending northeast (Fig. 6). Near the 
collapse, deposits decrease in size and number. 
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A thick cover of Wingate to the southeast Thus the width of the ore belt is probably 
necessitates deeper exploratory drilling. How- greater than shown in Figure 6. 

ever, drilling has developed ore in places in the Erosion removed the sediments above the 
Moss Back where canyons cut into the Wingate. Moenkopi, north and west of Temple Moun: 
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the local direction of flow and perhaps the sites 
of concentrations. The terrain nearest the source 


may also have been more porous from the 
effects of deformation and early alteration. The 


tain. Thus, the mining area represents a rem- 
nant of a Moss Back belt of ore which before 
erosion probably encircled the collapse. The 
alignment of the belt that remains with regional 
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FiGURE 7.—HARDNESS OF TEMPLE MOUNTAIN URANO-ORGANIC ORE 


structure led Keys and White (1956) to suggest 
abroad contour-level ore control. 

The calyx area is inclined at 4°-6°, but the 
regional dip increases southeast of the ore belt. 
Local patterns suggest a rough east to south- 
east elongation and alignment of individual ore 
bodies. This trend roughly corresponds to the 
strike direction of major faults, including the 
direction of elongation of the collapse, and to 
the direction of sedimentation in the Moss 
Back, as indicated by cross-bedding, ripple 
marks, and channel structures. The influence of 
sedimentary trends would be expected, in view 
of the strong lithologic control of ore distribu- 
tion. 

The presence of the ore in some fractures and 
faults and the widespread vertical distribution 
near and within the collapse indicate a vertical 
influx of ore fluids along the collapse conduit, as 
well as along fractures and faults. Lateral migra- 
tion proceeded outward from these local 
centers, mainly into the permeable Moss Back. 
Toa lesser extent, emplacement occurred in the 
overlying Wingate and possibly some strata 
below. Channels of least resistance, earlier used 
by the fluid organic material, were followed by 
the mineralizing and rock-altering solutions. 
Sedimentary structures and textures influenced 


site of concentration of the organic material, 
either in a zonal band around the source or as a 
belt down-dip from the source, was determined 
by a combination of several factors. These 
included an increase in viscosity of the organic 
material, relative impermeability of the sedi- 
ments outward from the broken source area, 
the volume, pressure, and distribution of ore 
fluids, temperature, and regional anticlinal 
structure. 

Description —The physical characteristics of 
the urano-organic ore are outlined in Table 5. 
The comparative insolubility of the ore has been 
noted. In determining uranium extractability, 
O’Brien (1953) lists 12 solvents, 9 organic and 3 
inorganic. He states (p. 4), ‘““The only effective 
solvents seem to be basic substances with the 
possible exception of xylene.” In insolubility, 
the ore is similar to coals, asphaltic pyrobitu- 
mens (Abraham, 1920), and thucholite. 

The urano-organic materials are harder, on 
the average, than coals (Table 1). They are also 
considerably harder than Temple Mountain 
asphalt and the indurated hydrocarbons (as- 
phaltites and asphaltic pyrobitumens). A slight 
increase in hardness appears with increased size 
of the ore mass (Fig. 7). Where both hardness 
and uranium content were determined, it 
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appears that hardness increases slightly with an 
increase in uranium content (Fig. 8). Among 
such specimens, the hardness fails to increase 
with an increase in metallic elements other than 
uranium. 


@ Average Hardness 





ANIC ORE, TEMPLE MOUNTAIN 

120°C. and 160° C. Exothermic oxidation j 
generally represented by two peaks, separated 
by a variable intense endothermic devolatiliza. 


tion reaction between 320° C. and 400° C. The 
first and major oxidation peak occurs between 
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FiGuRE 8.—CoMPARISON OF HARDNESS AND EQUIVALENT PER CENT U;Os OF URANO-ORGANIC MATERIAL} 


Differential thermal-analysis curves of or- 
ganic materials range to such an extent that 
differentiation of indurated hydrecarbons (with 
the possible exception of uintaite) from low- 
rank coals is uncertain. The general forms of 
curves of indurated hydrocarbons (Fig. 9) and 
low-rank coals (Fig. 10) have been compared 
with urano-organic ore. A summary of low- 
temperature reactions for a number of curves 
is given at bottom of this page. 

In general, oxidation and devolatilization re- 
actions occur at a slightly lower temperature in 
indurated hydrocarbons than in lignites, but 
the difference is small, considering the tempera- 
ture ranges. 

The ore reveals the reactions shown in Figure 


200° C. and 280° C., and the secondary peal 
between 440°C. and 490°C. A few smal 
endothermic peaks in the vicinity of 560°C 
probably represent the inversion of quartz 
present as a contaminant. In some cases the 
devolatilization peak is small and poorly de 
veloped, so that oxidation appears nearly con 
tinuous between 200°C. and 500°C. Th 
presence of either a poorly developed endo- 
thermic reaction or the presence of two oxida 
tion peaks constitutes a difference between th: 
ore and indurated hydrocarbons and low-rank 
coals. Most samples of ore reveal a variable 
intense endothermic reaction between 970°C 
and 1010° C., which may represent the evolt 


9. Endothermic dehydration occurs between tion of hydrogen. Corresponding reactions « 
Dehydration, Oxidation, Devolatilization, 
Material endothermic exothermic endothermt 
Lignites 120°-170° C. 240°-440° C. 445°-515° C. 
Asphaltic pyrobitumens 120°-160° C. 210°-265° C. 420°-440° C. 
Asphaltites 140°-170° C. 235°-265° C. 385°-410° C. 


120°-160° C. 


Urano-organic ore 


200°-280° C. 320°-400° C. 
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curring at this temperature in other materials 
are not reproducible. 

Uraninite occurs as minute particles in the 
ore. Differential thermal analyses of uraninite 
in air give variable results, and the effect due to 


~ 
— 
~ 


small, variably translucent patches along the 
edges of ore masses and, rarely, within the mass 
(Fig. 18; Pl. 5, fig. 1). The translucence results 
from (1) smearing and extra thinning of the 
organic material near the edge of a slide or be- 
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FIGURE 9.—DIFFERENTIAL THERMAL ANALYSIS, INDURATED HyDROCARBONS 
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small amounts of uraninite in the organic 
material has not been determined. 

Figure 11 is a diagram summarizing the re- 
action temperature ranges of several organic 
materials. Ultimately, it may be possible to 
demonstrate a sequence in the reactions of the 
indurated hydrocarbons, such as has been 
demonstrated for the ranks of coal, but at 
present it does not appear feasible to establish 
on the basis of differential thermal analysis 
alone whether a particular organic ore sample is 
more closely allied to low-rank coals or to 
petroliferous materials. 

In thin section, the urano-organic materials 
aré nearly always opaque, except for a few 


tween the organic material and harder minerals, 
during preparation of the thin section, (2) rare 
impregnation by nonradioactive asphalt, which 
may be variably translucent, and (3) intimate 
mixtures of ore and associated minerals. In 
polished surfaces, a rarely observed light-gray, 
clear ore is associated with the common 
darker-gray, turbid ore (Pl. 5, figs. 3-5). No 
difference appears between the two materials in 
microhardness, U3Og content and radioactivity 
distribution, solubility, and other physical 
properties. The turbidity in the darker ore is 
caused by minute contaminant mineral par- 
ticles and is the cause for the slight difference in 
appearance on polished surfaces. 
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COALIFIED WOOD IMPREGNATED WITH ORGANIC 
ORE: On the basis of physical characteristics 
radioactive plant remains appear to be mixtures 
of unmineralized fossil wood and urano-organic 
ore. An example of this may be observed at 
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silica-filled wood cells and parallel to the log 
structure. 

On polished surfaces, the translucent material 
is generally light gray and shows scattered col. 
lapsed wood cells. The microhardness (19.3 tp 
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North Mesa No. 9 mine, where a black, organic- 
appearing silicified log is highly radioactive 
(Fig. 12). Dull and vitreous black organic ma- 
terials and pyrite form streaks and patches in 
fractures and also outline woody texture in 
streaks parallel to the log structure. Small 
amounts of nonradioactive asphalt coat some of 
the fractures. X-ray spectrographic analysis 
shows that the radioactive organic material 
contains 6.9 per cent U3Os. 

In thin section, the organic material is seen 
to consist of two textureless substances, one red 
brown translucent and the other opaque. These 
may occur either as separated masses or 
gradationally mixed. Either may be found in 
fracture fillings and also in streaks outlining 


36.3 Knoops, Moh’s 2) is similar to coal. The 
sharpness of the indentation is also similar t 
coal. Microscopically and physically, this me 
terial appears identical to vitrain elsewhere 0 
Temple Mountain. X-ray spectrographic analy: 
sis of the vitrain, however, yields less than 0. 
per cent U;Og and traces of Fe, As, and V. 
The opaque material is generally light gray 
clear to turbid, and exhibits no woody textur 
on polished surfaces. The microhardness (88+ 
to 107.8 Knoops, Moh’s 214 to 3) is similar! 
that of the urano-organic ore containing up! 
12.1 per cent U;Os and impregnating the sane 
stone along bedding adjacent to the log (63 
to 111.4 Knoops, Moh’s 234 to 3). The hardnes 
indentations are less well developed than ‘ 
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TABLE 2.—Loss OF WEIGHT ON HEATING OF HYDROCARBONS 


(In per cent) 


loss of Ww oes recalculated as 100 what cent at t 1000° C. 


Original weight recalculated = 


Tar _ Asphalt ‘tale -organic ore 
Temperature °C. _ Loss of _ Loes of * a i Loss of 
me weight re- Loss of weight | weight re- Los of weight re- 
8 calculated calculated 8 calculated 
200 1.27 1.31 | 3.51 2.50 2.25 3.83 
increased viscosity | black, granular no visible an 
ans —| = 
400 94.98 97.60 | 94.50 | 96.66 | 39.01 66.42 
gray-black flakes, | mottled brown orange, | grayish, no change in 
masses, fibers granular form 
a a | _ ee aa 
600 | 97.29 99.97 7 | 97.22 99.44 | $8.39 99.41 
brown yellow, granular | red orange, granular yellow brown, no change 
| | in form 
—| ——— a ee ee 
800 97.29 99.97 | 97.62 99.72 58.62 | 99.80 
brown yellow, granular | mottled orange, brown, | orange brown, granular 
granular 
5 SET —- 
1000 97.32 100 | 900° 97.76 100 58.73 | 100 


brown yellow, granular 


Original weight 7.4150 g 





as above purple brown, oe 


0.1472 g 1.5376 g 


Loss of weight (recalculated) 


Temperature 
interval °C. i 
Tar loss 


25-200 1.31 
200-400 96.29 
400-600 2.37 
600-800 0.00 
800-1000 0.03 

Total 100.00 


coals, a feature typical of urano-organic ma- 
terials. Sufficient material for X-ray spectro- 
graphic analysis has not been satisfactorily 
separated, but microscopically and physically 
this material corresponds to urano-organic ore. 

The microscopic relationships indicate that 
urano-organic material impregnated the log 
along fractures, filling voids in coalified and 
silicified woody material, as well as replacing 
included sedimentary and alteration minerals. 
The vitrain intimately mixed with the ore is 
neither mobilized nor mineralized above 0.5 per 


Urano-or- 
Asphalt loss ang a 
ganic loss 


| 2.50 3.83 

| 94.16 62.59 

| 2.48 32.99 

0.28 | 9.39 

800°-900°C.: 0.20 
0.23 

| 99.95 | 100.00 


| 


cent U3Os. Subsequently, a nonuranium-bearing 
hydrocarbon impregnated the log along th 
same paths and formed, upon induration, thi 
asphalt fracture coatings. 

A few vermicular remnants of organic mé 
terial, similar to the cell-wall substance de 
scribed under asphalt-impregnated coalific 
wood, are included in some of the ore massé 
near the collapse (Pl. 5, fig. 4). Woody textur 
is not observable, and there is no difference 
microhardness, trace metallic-element conten! 
and distribution of radioactivity, as revealed b 
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ORGANIC MATERIALS 721 
nuclear-track plates, between the remnants and _ fore weighing. The per cent loss of weight was 
the surrounding ore. The existence of these calculated directly and also recalculated to 100 
remnants as mobilized coalified wood-cell wall per cent at 900° C. or 1000° C., assuming that 
— Ff material was not established. However, coalified the remaining material at that temperature 
— T t i U Uy 
; 1000 L be 
e- 
od 800}- 4 
- So 
* goo} Urano-Organic Ore . “ 
2 1 
= i 
. 7% 400+ . 4 
= oa 
) 4 ee 
E a Semi-fluid Tar and 
n = Asphalt” 7 
0 1 L 1! 4 ! 
te) 20 40 60 80 100 
Recalculated % Loss of Weight ——> 
(for hour at 200,400,600, 800, 1000° C.) 
ige A. %Loss of Weight 
) 180, . 180 
. ; Average Mani.“ 
160}- / +160 
! 
140; / +140 
H 
lar rt 200° C.—> ; 200°C. zo ' 
a i hM 
” ’ 7) 
5 00 ! 100 Ss 
? £ ! = 
£ ; ; 
4 80+ : ; 80 tj 
be ° ' - 
60}- H : 60 
! I 
fe 250°C. : 
40 i t bs ad 
/ 
20 Ps Fi 420 
Ps WA 
a I 
o “1 1 1 j i 0 
4 8 12 16 0 20 40 60 
% Loss of Weight —> Apparent Hardness —> 
° : ° Knoo 
B. %Loss of Weight in Time “ile 
é C. Induration in Time 
FicurE 13.—Loss or WEIGHT AND HARDNESS UPON HEATING TEMPLE MouNTAIN HypDROCARBONS 
wood intimately mixed with urano-organic ore represented nonvolatile constituents in the 
; elsewhere neither contains vermicular remnants __ range studied. 
int § nor shows any evidence of mobilization. The tar (96.29 per cent) and the asphalt 
- CHEMICAL NATURE OF THE URANO-ORGANIC (94.16 per cent) suffered major loss in the 200°— 
{tf MATERIALS: The loss of volatile constituents in 400° C. range. The ore loss (62.59 per cent) in 
a high-temperature oven differs significantly for the same range was substantially less. Volatile 
né organic ore, tar, or asphalt (Table 2; Fig. 13, A). constituents amounting to 32.99 per cent in the 





de Powdered samples of semifluid tar, asphalt, and ore required a 400°-600° C. temperature range 
fie: Bore were each heated to arbitrary intervals of for removal. The greater resistance of the ore to 
ss H 200°, 400°, 800°, and 1000° C. (The sample of heat suggests a more highly polymerized ma- 
ur asphalt was heated to only 900° C.) To insure _ terial. 

-@ temperature equilibrium, though not loss of The pine-splint test for porphyrins in the 
‘ni, Volatile equilibrium, the samples were allowed organic ore and the petroliferous material at 
yf to remain at each temperature for 1 hour be- Temple Mountain is negative, but negative 





722 


KELLEY AND KERR—URANO-ORGANIC ORE, TEMPLE MOUNTAIN 


TABLE 3.—ANALYSIS OF TEMPLE MOUNTAIN ASPHALT AND URANO-ORGANIC ORE 


(In per cent) 


Analyst: W. C. Bowden, Ledoux & Company, Teaneck, New Jersey, May 22, 1956. 














Asphalt* | 
oo | 


Urano-organic ore 

















Volatile matter 
Total carbon 75.30 
Fixed carbon 1.04 
Hydrogen 8.82 
Oxygen 6.02 
Sulfur 4.54 
Nitrogen 0.84 
Arsenic 0.06 
Halogens —0.01 
Water at 105° C. 0.59 
Total 96.17 
Nonvolatile matter spectrographic 0.70 
examination 
Aluminum 1-10 
Calcium 1-10 
Copper 0.1-1 
Tron 0.i-1 
Lead —0.1 
Magnesium 1-10 
Manganese 0.1-1 
Nickel 0.1-1 
Silica 10-100 
Titanium | —0.1 
Vanadium 0.1-1 
Total 100.00 
Unaccounted for S83 
Total 100.00 














34.90 

34.20 

2.80 

7.41 

4.48 

0.18 

0.03 

—0.01 

2.10 

51.9 

[Chemsical determination 45.26 
| 

| Alumina 4.15 

Chromium Trace 

Fe.0; 1.66 

Magnesia Trace 

Silica 63.86 

TiO, 0.15 

U;03 8.30 

V0; 19.33 

Zinc | Trace 

Unaccounted for 2.55 

| iutleaian 

100.00 

2.84 


| 100.00 








*Sample no. 735910. Nonuranium-bearing asphalt from fracture in dolomite replaced lower Wingatt 


Sandstone. Collapse area. 


t Sample no. 735909. Urano-organic ore pod from Moss Back Sandstone, Calyx Hole mine No. 8. 


results do not necessarily establish the absence 
of porphyrins. 

O’Brien (1953) considered that the ore at 
Temple Mountain has an unusually high acid 
content. 

Analyses have been published of soluble 
asphalts, asphaltites, and relatively insoluble 
asphaltic pyrobitumens by Abraham (1920), 
Crawford (1949), and Hunt, Stewart, and 
Dickey (1954); thucholites by Ellsworth (1928), 
Spence (1930), Davidson and Bowie (1951), 
Barthauer, Rulfs, and Pearce (1953), and Bowie 
(1955); and the urano-organic materials at 
Temple Mountain by O’Brien (1953) and 
Breger and Deul (1955). Since many of the 
published analyses are incomplete, comparison 


of the materials is difficult. In thucholites ani 
urano-organic ores, ash content is considerabl} 
influenced by contaminant material. 

One sample of nonuranium-bearing asphalti 
material and one sample of urano-organic ott 
have been analyzed (Table 3). Although the ort 
sample was selected to be as free from impurities 
as possible by hand picking, contaminat! 
mineral particles account for the high ash. Th 
two materials differ chemically to a considerabi 
degree, since the organic material containiit 
uranium yields greater fixed carbon, wale! 
oxygen, and less hydrogen than the asphalti 
material. 

Elemental analyses of some indurated hydr 
carbons, thucholite, low-rank coals, and organ 
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ore, on an ash-free and moisture-free basis, are 
compared in Table 4. The ore contains more 
hydrogen than thucholite but less than the 
asphalts. Fixed carbon and oxygen in the ore 
exceed the asphalts. The sulfur content of ore 
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“... aqueous solutions carrying organic material 
extracted from low-rank coals in the region, along 
with uranium and vanadium, may have saturated 
the pores of the sandstone. Eventually the organi? 
matter was devolatilized and converted to its pres- 
ent insoluble state, perhaps radiochemically” 


TaBLE 4.—ASH- AND MOISTURE-FREE ELEMENTAL ANALYSES OF SOME ORGANIC MATERIALS 


(In per cent) 















































Indurated hydrocarbons* | Temple Mountaint Coalstt 
| -_— —__—____— -_— 
i Thucho- 

Element Asphalt .,,| Asphaltic Urano- ite** teed 

<4 Asphaltite| pyrobi- : lite is Bitumi- 
— ~ | gilsonite | tumen Asphalt pe Lignite nous 

albertite 
Total carbon 84 88 85 79 70 79 60 84 
Fixed carbon 9 15 38 1 69 78 (up to approxi- 
mately 78) 

Hydrogen 11 9 11 9 6 2 6 5 
Oxygen ? 1 1 6 15 11 31 9 
Sulfur 2 2 1 5 9 8 2 <1 
Nitrogen 3 <1 | 2 1 <1 | 1 2 
Total 100 | 100 | 100 100 | 100 ~=| 100 | 100 | 100 








Data recalculated from: 

* Abraham (1920) 

t Table 2 

** Barthauer e/ al. (1953) 
tt Ries (1949) 


and thucholite are reasonably comparable. A 
similarity in volatile concentrations exists be- 
tween the ore and low-rank coals. 

Origin of urano-organic constituents —The 
writers applied two interpretations in seeking 
the source of the organic material in the ore. One 
involves interaction of solutions with petro- 
liferous material, the other organic extraction 
from coal. 

Drill-hole records show that oil exists in 
almost all porous sediments of the San Rafael 
Swell. The organic ore at Temple Mountain is 
associated with semifluid tar, petroleum-im- 
pregnated sediments, and asphaltic material. 
Under such circumstances it is reasonable to 
consider petroliferous material as a_ possible 
source of organic substances. 

Logs and other forms of plant detritus are 
abundant in the Moss Back Formation. On the 
basis of differential thermal curves and chemical 
analyses, Breger and Deul (1955) suggest that 
the ore represents an organic extract from coals 
; sub-bituminous and lignitic rank. They state 
p. 19): 


With regard to uranium-bearing ‘“carbona- 
ceous pellets,” they indicate the following 
trends (p. 20): 


“.,.1) ash rises with specific gravity; 2) carbon 
and hydrogen both decrease with specific gravity; 
and 3) the total of oxygen, nitrogen, and sulfur 
rises regularly with specific gravity. There does not 
appear to be any specific relationship between 
uranium and any of the other components or prop- 
erties of the pellets” 


Breger and Deul conclude that the composi- 
tions of the pellets show similarities with low- 
rank coals. A survey of their data leads them to 
interpret ‘‘a non-marine and, therefore, a non- 
petroliferous origin for the pellets” (p. 24). 

Similarities in volatile concentrations are in- 
sufficient to support a coal-extract origin. A 
wide range exists in volatile compositions for 
the various ranks of coal. As shown in Table 4 
the organic ore at Temple Mountain might be 
assumed to be similar to coal. However, other 
possibilities exist. 

The chemical structure of the organic ore is 
unknown. Infrared and chromatographic analy- 





724 


ses are unobtainable because of the relative in- 
solubility of the material. Coals and indurate 
hydrocarbons, containing as their essential 
components carbon, hydrogen, and oxygen, will 
have at least some structural similarities which 
are reflected in part by similarities in some of 
the physical and chemical characteristics. 

The lack of division between oil and coal has 
been emphasized by Dietrich (1956, p. 663) 
who states: 


“Further, it would appear that the data presented 
here may suggest that contentions of workers like 
Schopf (18) and Berl (2) that there is no real divi- 
sion between oil and coal, that all suggested divisions 
are arbitrary, and that all these materials may be 
derived from essentially the same material are cor- 
rect. Certainly all high rank materials (the end 
products?) have quite similar properties” 


In consideration of the problem of classifying 
naturally occurring organic materials Schopf 
(1956) states: 


“The distinction... (of coals). . from asphaltic rocks 
must be based Jargely on origin. In many in- 
stances this distinction is clear, but in other in- 
stances the origin of the carbonaceous material is 
obscure.” (p. 522)... ‘For purposes of definition 
the demonstrable plant origin of organic matter in 
coal serves as a most convenient basis for distin- 
guishing coal from asphaltic and certain kinds of 
graphitic rocks.” (p. 526). 


It has not been possible to demonstrate a 
plant origin for the organic matter in the urano- 
organic ore. In addition, it does not appear that 
the organic ore represents a coal extract, for the 
following reasons: 


(1) Approximately 99 per cent of the carbon in 
the ore is fixed. Only in coals of rank greater 
than medium volatile bituminous will more 
than 90 per cent of the carbon be fixed. As- 
phaltic pyrobitumens contain up to 85 per 
cent fixed carbon (impsonite, Abraham, 1920). 
The X-ray spectrographic trace elements Cr, 
Ni, and Mn, which do not have a zonal distri 
bution in the ore, are characteristic of both 
petroliferous substances and, locally, coals. 
Differential thermal analyses of indurated 
hydrocarbons, low-rank coals, and the ore are 
not sufficiently characteristic to base a conclu- 
sion on analytical data alone. 

A similarity of the indurated ore to low-rank 
coals, even if demonstrated, does not neces- 
sarily mean that the organic material was a 
coal extract at the time of emplacement and 
before induration. A petroliferous material 
could have undergone a metamorphism in 
volving devolatilization and polymerization 


(2 


~~ 


(3 


(4 
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that would result in an organic compoun 
similar chemically to low-rank coals. 
It is doubtful that extraction of organic ma. 
terials from relatively insoluble carbonaceoy; 
compounds, after millions of years involving 
at least some leaching by ground water, wij 
suddenly occur under unusual conditions tha 
leave no evidence. 

(6) The sediments in the San Rafael Swell shoy 
essentially no metamorphism away from the 
collapse, the hydrothermal solutions were on| 
moderate in temperature, and were not par 
ticularly concentrated in elements or com 
plexes. 

(7) The sediments below the Chinle are essential} 

devoid of plant remains. Those of the Chink 

specifically the Moss Back within the ore ce. 

posits, are similar in all visible respects t 

plant remains outside of the mineralized are, 

which suggests no such unusual removal. 

Coals in the Mancos shale and other overlying 

strata surrounding the San Rafael Swell repre 

sent typical low-rank coals. 

(9) The present remains of carbonaceous mat 

rials in the Chinle indicate that not enoug: 

organic material existed to form the larg 
quantities of ore, particularly if there was som 
loss of volume on induration. 

It is doubtful that a coal extract derived fror 

the Chinle or above could be transported dow: 

ward while the hydrothermal solutions wer 
rising from depth to form ore in the Kaibab « 
equivalent. 


wn 


(8 


(10) 


The organic material could have orginat 
by fractionation of a kerogen under the influen 
of heat and pressure, perhaps catalyzed | 
certain minerals and associated petroleum, # 
proposed by Crawford (1949) for gilsonit 
However, this origin for the gilsonite in north 
eastern Utah, even though it is associated wit! 
the Green River shales, is not universally a 
cepted. Some believe the gilsonite represent: 
inspissation of petroleum (Murray, 195) 
Hunt, Stewart, and Dickey (1954) demo 
strated that the various indurated hydrocarbon: 
of the Uinta Basin resulted from variations 1 
the environment at the site of deposition. 

The name thucholite was applied by Els 
worth (1928) to a primary hydrocarbon mineté 
from Parry Sound, Ontario; it is characteriz 
by high percentages of uranium, thorium, 4! 
rare earths. The name has been extended subs 
quently to such uranium-bearing hydrocarbon 
as described by Barthauer, Rulfs, and Peat 
(1953) from the Benser Mine, Ontario; David 
son and Bowie (1951) for several foreign loca 
ties; Joubin (1954) for the Blind River aré 
Canada; Robinson (1950) for the Goldfielé 
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District, Saskatchewan; Kerr, Rasor, and 
Hamilton (1951) for Placerville, Colorado. 

It is uncertain whether the ores at Temple 
Mountain and elsewhere are chemically similar 
to each other, or a thucholite type. There are 


MPARISON OF PHYSIC 


AL I 





TABLE 5.—Co 
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carbon is a prerequisite for the formation of 
thucholite. At Elk Ridge, Utah, polished sur- 
faces from two localities show veinlets of urano- 
organic ore bordered by pitchblende (Kerr, 
Kelley, Bodine, and Keys, 1955). Field evidence 


>ROPERTIES OF SOME ORGANIC MATERIALS 











| a . . 
Property | aa | Urano-organic ore Thucholite | Pree sien 
Form Massive to par- | Massive to piso- | Massive | Massive 
| tially spherical | _ litic | | 
fragments 
Fracture Uneven to subcon- | Uneven to subcon- | Subconchoidal to | Hackly to conchoi- 
choidal choidal |  conchoidal dal 
Color Black Black | Black | Black 
Luster Vitreous Subvitreous to vit- | Subvitreous to vit- | Vitreous 
reous reous 
Streak Fuscous Fuscous, chaetura | Chaetura black | Brown to black 
| to fuscous black | 
and _—_ chaetura | 
black | 
Specific gravity 1.211.435 1.28-1.72 1.67-1.82 1.00-1.09 
Solubility in carbon Soluble Insoluble | Insoluble Very slightly solu- 
tetrachloride ble 
Hardness: | 
Range in Knoops 3-15 31.1-129.4 52.0-89.7 1.9-10.3 
Average in 8.15 71.9 65.5 6.5 
Knoops | 
Moh’s —1 2-3 | 2-3 —1 


similarities in volatile concentrations (Table 4) 
and physical properties (Table 5) between the 
ore and thucholite. At least, thucholite and the 
ore represent a group of materials harder and 
denser than the insoluble petroliferous sub- 
stances, asphaltic pyrobitumens. The increase 
in fixed carbon in the uranium-bearing organic 
material may be indicative of greater poly- 
merization or devolatilization, which would 
account for the increase in hardness and specific 
gravity. This is also analogous to an increase in 
ranks of coal resulting from metamorphism. 

Laboratory data are neither conclusive nor 
exclusive, but field evidence supports a petro- 
liferous source for the organic constituents of 
urano-organic ore. 

Extraction of uranium from solution.—Wide- 
spread, essentially nonuranium-bearing, low- 
rank coalified wood fragments are scattered 
through the ore horizon. These indicate the 
absence of radioactive minerals before the intro- 
duction of the organic ore. Davidson and 
Bowie (1955) and Spence (1930) believe that a 
tadioactive source to react with the hydro- 


suggests that the organic material in the West- 
water Canyon Member of the Salt Wash near 
Grants, New Mexico, was accumulated before 
the introduction of uranium solutions along 
small faults and fractures. 

A small amount of uranium in carbonized 
plant remains may result from the absorption 
of post-ore supergene-leached uranium. Previ- 
ous chemical changes shown in silicified and 
pyritized logs and plant trash may make organic 
remains unreceptive to absorption. 

Moore (1954) has shown that low-rank coals 
extract between 98 and 99.9 per cent of the 
uranium from uranyl sulfate solutions and 21 
per cent from oil shale. The coalified fragments 
at Temple Mountain are low rank, but the ex- 
traction by coals relative to oils is not known. 

The writers made an experiment to ascertain 
whether a uranium-saturated tar, when heated, 
might physically simulate the indurated urano- 
organic ore at Temple Mountain. A weight of 
40.3 grams of natural semifluid tar from Temple 
Mountain was refluxed at 104° C. for 18 hours 
with 250 ml of 0.1844 molar acid uranyl sulfate 
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solution. After thorough washing and draining, 
the tar was heated for 96 hours at 250°C. 
Change in pH, concentration of the solution, 
and loss of weight were not determined in this 
experiment; its primary purpose was to deter- 
mine whether the resulting asphaltic material 
contained uranium and became _ indurated. 
X-ray spectrographic analysis of the powdered 
asphalt yielded 1.05 per cent equivalent U;O0s 
and .x per cent Ni. The microhardness was be- 
tween 2.5 and 26.0 Knoops (Moh’s 1), and the 
indentation was more reliable than for heated 
nonuranium-bearing tar. Most of the ‘“‘asphalt”’ 
dissolved in carbon tetrachloride at room tem- 
perature in a few minutes, but a small residue 
was insoluble after it was left in solution for a 
week. Differential thermal analysis revealed a 
similarity to the Temple Mountain asphalt. No 
crystalline compounds were revealed by X-ray 
diffraction. Some of the powdered material was 
leached for 20 hours in both concentrated nitric 
acid and ammonium hydroxide. X-ray spectro- 
graphic analysis of the leached material re- 
vealed 0.60 per cent equivalent U;0s. The 
leached material was only slightly soluble in 
carbon tetrachloride at room temperature. 
Apparently at an elevated temperature the 
Temple Mountain tar will extract uranium from 
a uranyl sulfate solution, and washing and 
leaching by strong acids and bases will not re- 
move all the uranium absorbed or chemically 
combined with the organic material. 

The development of the San Rafael Swell, 
which furnished the impetus for the petroleum 
migration, is considered to have taken place in 
post-Mancos time, probably post-Cretaceous, 
early Tertiary (Gilluly, 1929). Thus the folding 
probably occurred about 80 million years ago, 
the age of the “asphaltic type” ore at Camp 
Bird No. 13 Mine (Stieff, Stern, and Milkey, 
1953), and probably during the period of the 
initial introduction of the petroleum. Only the 
early premineralization petroleum in contact 
with the ore solutions became urano-organic 
ore. Most of the nonuranium-bearing petro- 
liferous materials at Temple Mountain were 
introduced after mineralization. The low 
uranium content of these materials in a few 
places may be attributed to absorption of post- 
ore supergene-leached uranium. 

Induration of the organic ore-—Induration of 
the urano-organic materials accompanying em- 
placement of the uranium could have been ac- 
complished by: (1) polymerization, (2) oxida- 
tion-devolatilization, or (3) a combination of 
the two. Davidson and Bowie (1951) and others 
proposed radioactive polymerization for the 


induration of thucholite. However, this woul 
not account for accompanying argillic alter. 
ation, carbonate replacement, and associated 
metallic mineralization. 

In a summary of the problem of sulfate r. 
duction in deep subsurface waters, Ginter 
(1934) outlined two methods of reduction 0 
sulfate in solution, with attendant oxidation oj 
hydrocarbon or carbonaceous material. The 
first is the reduction of sulfate to sulfide by the 
hydrocarbons, which in turn are oxidized tp 
carbonate. In the absence of oxygen, this re. 
action would probably occur only at high tem. 
peratures. The second assumes that anaerobic 
micro-organisms cause sulfate reduction and 
oxidize hydrocarbons. Although sulfate-reduc. 
ing anaerobes have been found in deep sub- 
surface waters, the significance of the bio- 
chemical reactions has not been established. 

Induration of petroleum may occur through 
long exposure to oxidizing conditions. Much oj 
the nonuranium-bearing petroliferous material 
abundant on the San Rafael Swell was in. 
durated in this way. However, it is much les 
indurated than the ore. 

Hydrothermal conditions prevailed during 
the formation of thucholite, as indicated by 
Ellsworth (1928). Davidson and Bowie (1951 
considered that thucholite belongs to a late 
hydrothermal stage. Kerr, Rasor, and Hamilton 
(1951) conclude that the urano-organic mineral- 
ization at Placerville, Colorado is hydrothermal 
Abraham (1920) and others consider the forma- 
tion of asphaltites and asphalitic pyrobitumen: 
as the gradual conversion of petroleum under 
the influence of time, heat, and pressure. 

Oil, air-blown in the vicinity of 145° C.,, wil 
become indurated (Dr. G. Skaperdoes, Kellogg 
Corporation, personal communication). The 
semifluid tar at Temple Mountain will become 
indurated in time upon heating in an oxidizing 
atmosphere at temperatures of 200°C. ani 
250° C. In the experiments, the tar was heated 
in an oven at the given temperatures for con- 
secutive arbitrary intervals (Table 6; Fig. 1 
B). Temperatures were controlled to within 
1° C. The greatest per cent loss of weight pe 
hour at both temperatures occurred within the 
first hour and subsequently decreased with it- 
creased time of heating. Equilibrium was no 
established in 142 hours at 200° C. or 168 hour: 
at 250°C. The per cent loss of weight wa 
greater at any time at 250° C. than at 200°C 
Physical changes occurred in the tar throug! 
time at both temperatures. It first became mort 
viscous and then became indurated. Induratia! 
occurred earlier at 250° C. than at 200° C. Th 
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TABLE 6.—PERCENTAGE Loss OF WEIGHT IN TIME FROM HEATING SEMIFLUID TAR 
Hardness is apparent. Comparison is relative. All indentations partially closed over after testing loss 
of weight in per cent. 


At 250°C. 


At 200°C. 





| Apparent hardness Apparent hardness 








| 
Time (hours) I f weigh I f weigh | 
ime (hours .oss of weight | .oss of weight 
Accumulative | (Knoop) | Knoop) 
| Accu- | Per | : re Accu- | Per 
| mulative| hour | Range Average mulative | hour | Range Average 
ES | - —_— —-— —————— — ———— | — rene 
1 } 1.27 | 1.27 | viscous | 2.43 | 2.43 | viscous 
25 | 5.24 | 0.21 | very viscous | 10.26 | 0.41 | 4.2-18.6 | 11.2 
96 | 8.66 | 0.09 | 2.44.4 | 3.4 | 11.74 | 0.12 | 7.8-13.3 | 10.4 
142 | 12.01 | 0.08 | 1.5-29.6 | 10.7 a ee. ies B izek 
168 | | | 12.77 | 0.08 | 2.6-59.0 | 20.4 
| | 





TABLE 7.—METALLIC ELEMENTS IN THE ASH OF PETROLIFEROUS MATERIALS, SAN RAFAEL SWELL 
After Erickson, Myers, and Horr (1954Y 


Partial metallic composition of ash 


Material Per cent ash) aa ome 








PPM | . ri ‘ 
| Fe| as| vi | Cr | gn | Ni | Cu | Pb 
— es ——— ft == — — a | = — cece: —S=== rm 
Viscous asphalt | 1.23- 2.92] 0.2-50 cana , s# 2 | Ox | x | Ox | .00x 
Petroliferous rocks | 0.79- 4.86) 0.2-67 | Xx. | x | .Ox-.x | .Ox-.x | .Ox-.x | .Ox-.x | .0x 
Asphalt 2.32-13.61| 30.0-1,137 |.x-x. x | re | ee |. De | Oe tT ok | oe 
Uraniferous asphaltite 17.0-62.0 | n.d. X.-x. ¢. .Ox-.00x | .Ox-.00x sees | Ox-x | x. ms 





Per cent ash X per cent U in ash 
10,000 

Viscous asphalt: Two samples from the Moss Back at Temple Mountain and Flat Top Mesa. 

Petroliferous rocks: Four samples from Temple Mountain and Flat Top Mesa. Two samples from the 
Moenkopi of Temple Mountain with a uranium content between 0.2 - 0.5 ppm. One sample from the 
Wingate at Temple Mountain; one sample from a slump block at collapse no. 1, Flat Top Mesa, with 
uranium content between 32 — 67 ppm. 

Asphalt: Two samples from the Sinbad Limestone Member of the Moenkopi and the Moss Back Sand- 
stone at Temple Mountain. 

Uraniferous asphaltite: Two samples from Emery County, Utah. 


*Recalculated from: 


indurated “asphalt” fractured conchoidally. In probably occurred under the influence of heat 
general appearance, the “asphalt”? resembled and the action of solutions rather than by radio- 
the nonuranium asphalt material that naturally active polymerization. Whether the hardening 
occurs at Temple Mountain. Microhardness — resulted from oxidation-devolatilization, poly- 
tests of the artificial “‘asphalts” are not com- merization, or both processes together is un- 
parable to naturally occurring organic materials known. 
because of partial closure of the indentation Metallic-element suite —Erickson, Myers, and 
after testing. However, they are relative, and Horr (1954, p. 2213) report emission spectro- 
comparison of hardness of the artificial ma- graphic analyses for the ash of two “uraniferous 
terials may be made. There appears to be an asphaltites” from the swell (Table 7), as char- 
increase in relative hardness with increased time acterized by high U, As, Cu, and Mo, and rela- 
of heating at both temperatures (Table 6; Fig. tively low V. Among the metallic elements 
13,C). The relative hardness was greater for any __ listed, there is a slight but noticeable increase of 
specific time at 250°C. than at 200°C. The Fe, As, Cu, and Pb and a decrease in V in the 
minimum temperature of induration has not ash of the ore compared with the ash of viscous 
been established, since the hardening is related _asphalts, oil extracted from petroliferous rocks, 
In part to time. and asphalts. 

The induration of the urano-organic material X-ray spectrographic analyses of 12 samples 





TABLE 8.—METALLIC TRACE ELEMENTS 


Blank spaces and 0 indicate element not detected. Lower limit is approximately 0.1-0.3 per cent 


A. Comparison of X-Ray Spectrographic Indications of Metallic Elements in Some Organic Substances 


Substance are 
. Per cent 
(and number of 7 
l a Vs 7" 
samples) Fe 
Temple Mountain x 


Semifluid tar (1) 
“Asphalt” (4) = =o 
Urano-organic (12) 1.8-15.0 .x-x. 
Coalified plants (5) Z. 
(in ore zones) 
Thucholite (1) | 8.2 s. 


Indurated hydrocar- 
bons 


Asphaltites (3) .x-x. 
Asphaltic pyrobi- 
tumens (3) ) .xX-x. 
Some coals (4) .xX-X. 
(lignite to anthra- 
cite) 
Ash (Temple Moun- 
tain) 
Semifluid tar (1) z. 
“Asphalt” (1) 2%. 
Urano-organic (1) 15.5 x 


-X-X. 
O-x. 


Per cent Semiquantitative 


As \ Cr Ni Mn Co Se Cu 
—.x —.Xx 

0-x. O-.x | O-.x 

O-x. | O-x. | O-.x | O-.x | O-x. | O-.x | O-x. 


Re 0-.x 


(Plus thorium, manganese, and rare earths) 


0-.x (-.x 
0-.x (-.x 

OQ-.x | 0-.x O-.x (-.x 
.x 


B. Analysis of X-Ray Spectrographic Indications of Metallic Elements in Temple Mountain Urano-Organic 


Element 


Present in all samples 
Fe 


Zn 


Present in over 90 per cent 


As 
V 
cr 


Present between 25-90 per cent 


Ni 


Occasionally present 
per cent) 
Mn 
Co 
Se 


(less 


than 


Ore 
Per cent of samples having 
metallic element in: 
-X per cent : 
“is x. per cent 
or less 
67 
75 25 
45 55 
91 9 
100 
100 
25 
67 33 
100 
33 67 
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irom 9 ore localities show a range in concen- 
tration of Fe, Zn, As, V, and Cr (Table 8). 
Nickel was found in half of the samples, and 
Mn, Co, and Se were noted in a few. Uranium 
concentration in the specimens selected ranged 
between 1.8 and 15.0 per cent equivalent U30s. 


TaBLE 9.—X-RaAy SPECTROGRAPHIC DisTRIBUTION 
witH RELATION TO THE COLLAPSE AREA 
Average concentration of elements 
(per cent) 





Element = ———s 
Calyx Bordering | Collapse 
area collapse area 
As* 2.0 Sf 5.0 
U;0s $4 | as 3.0 
v* 2.0 0.5 0.5 
5 0.5 


Zn* 2.8 0. 

* Average concentration: considering for each 
sample .x per cent = 0.5 per cent and x. per cent = 
5.0 per cent. Uranium is recorded as average per 
cent equivalent U;Os. 


The ash of one specimen revealed the same 
suite, with the exception of chromium. There 
was some loss on ashing. However, 97.5 per cent 
equivalent U;0g in nonashed material was 
present in the ash. 

Emission spectrographic analyses of the ash 
(Erickson, Myers, and Horr, 1954) and X-ray 
spectrographic analyses of the nonashed ore 
differ somewhat, because of differences in the 
technique and sensitivity of the two methods, 
as well as either loss or concentration of ele- 
ments upon ashing. Copper has not been de- 
tected with the X-ray spectrograph, but con- 
tamination by the equipment may mask small 
amounts of this element. Copper minerals are 
rarely present in the mining district. Molyb- 
denum may be present in amounts less than 
approximately 0.2 per cent, the lower sensitivity 
of the experimental method used. Vanadium 
is characteristic of the metallic-element suite, 
but most of the vanadium is_ probably 
volatilized on ashing. 

ZONAL DISTRIBUTION OF ELEMENTS: Varia- 
tions in concentration of some of the metallic 
elements appear to reflect a zonal distribution 
with relation to the collapse area. Cobalt, 
selenium, and high-arsenic concentrations are 
found near or within the collapse and possibly 
locally along some faults. Cobalt has been de- 
tected from two of the nine localities tested. 
One of these is at the eastern edge of the col- 
lapse, and the other is in a fault zone in the 


calyx area (Lopez Incline). Selenium has been 
detected from the locality at the eastern edge 
of the collapse. Both of these elements may be 
present in the ore in concentrations below the 
sensitivity of the experimental method, as 
indicated by the presence of cobalt bloom in 
several mines and the widespread occurrence of 
the selenium indicator plant Astragalus. Cannon 
and Stillman (1952, ix Keys and White, 1956) 
report high selenium content of the organic 
ores. Arsenic is present in more than 90 per 
cent of the samples. Ore from the calyx area 
yields concentrations generally of the order of 
.x per cent. A few yield x. per cent. Samples of 
ore from the collapse and surrounding area 
yield concentrations generally on the order of 
x. per cent; a few show .x per cent (Table 9). 

In contrast, the average amounts of uranium, 
vanadium, and zinc seem to increase away from 
the collapse (Table 9). It had previously been 
reported that vanadium is more concentrated 
in the collapse (Keys, 1955; Keys and White, 
1956). The concentrations of Fe, Cr, Ni, and 
Mn are irregularly distributed. 

SOURCE OF METALLIC ELEMENTS: Erickson, 
Myers and Horr (1954) report trace-element 
analyses, as well as chemical determinations of 
uranium and other metals in petroliferous 
materials from many localities. Analytical 
data are given for 78 samples described as 
crude oil, petroliferous rock, asphalt, and 
asphaltite. The ash from asphalt and oil ex- 
tracted from petroliferous rocks contains a 
nearly constant suite of metals: U, Co, Cr, Cu, 
Mn, Mo, Ni, Pb, V, and Zn. Ash from pe- 
troleum shows that V and Ni are the most 
abundant metallic elements, although Ag, W, 
As, Sn, and Au may be present. Crude oils 
from various localities are characterized by an 
abundance of particular elements. These metals 
are thought to be concentrated in the asphaltic 
fraction of petroleum. 

The collapse and, to a lesser extent, faults 
represent the major channels for hydrothermal 
solutions, as indicated by the spatial distribu- 
tion of alteration in the area (Kerr, Bodine, 
Kelley, and Keys, 1957) and argillic alteration 
in the ore horizon (Kelley and Kerr, 1957). 
Elements showing a zonal distribution with 
relation to the collapse are As, Co, Se, U, V, 
and Zn. Of these elements, only As and Se 
are not characteristic of the metallic suite of 
the ash of most petroliferous materials. Thus, 
with the exception of As and Se, the above 
metallic elements could have been derived from 
the organic materials present in the district by 
some mechanism of concentration. Erickson, 
Myers, and Horr (1954, p. 2216-2217) state: 
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TABLE 10.—X-RAY DIFFRACTION OF SOME ORGANIC MATERIALS FROM TEMPLE MounrtaAIN 
All patterns are X-ray diffractometer except Lower Wingate asphalt which is powder camera, 
Cu/Ni. Intensities recalculated to 10 maximum for strongest line of each pattern 


Asphalts Urano-organic ore 


Collapse | Collapse Calyx area 
7 oscckcaaseca ~ — Thucholite 

no ?Kaibab | ?Kaibab re canada | Possibility* 
Wineat D.D.H. D.D.H. 
ingale 'V-5:777 feet 





V-1:370 feet ry | Streak Nodules 





a(A) | I | d(A) | a(A) | 1 | aA) | 1} aA) |r| aA) | 1} aA) 1 | 
| 





























| | 19.35 | 5°] | 
7.3 |9/|7.39 |5/7.3 | 6| | | Kaolinite 
| 5.049 | 5 | 4.993 | 3 | | | | 
| | 4.403 | 4 | } | | | Kaolinite 
4.277 10 | 4.271 | 6 | 4.247 | 4 | 4.263 | 8 | | | 4.208 | 5 | Quartz 
| | 3.922 | 6 | 3.974 | 5 | | | | | | || 
3.791 | 1 | | | | | } | 
| 3.625 | 6 | 3.608 |10 | | | | Kaolinite 
| | 3.528 | 5 | 3.507 | 5 | | | | 
| 3.448 | 5 | | | 3.437 | 3 | | | | 
3.336 | 5 | 3.350 10 | 3.340 | 8 | 3.339 |10 | 3.317 |10 | 3.315 |10 | | | Quartz 
| | | 3.302] 6| | | | | | | | 
| 3.184 | 3 | | | | 3.216 | 2 | 3.184) 8 
| | 3.121 | 4) 3.121 | 5 | 3.151 | 3 | 3.104 | 2 | 3.142/10 | Pitchblende, 
| | | | | } | Pd sphalerite 
3.066 | 6 | 3.094 | 4| 3.051 | 4 | | 3.097 | 9 | | | 3.081) 8 | Pyrite 
2.885 | 9 | | | | | | 2.871) 7t| Dolomite 
2.729 | 3 r i } | | | 
| | 2.712} 3 | 2.708 | 3 | 2.688 | 5 | 2.690 | 1 | 2.702| 6 | Pitchblende, py- 
| | | | } | | rite, sphalerite 
2.675 | 5 | | |_| | | 2.678 | 1 | Dolomite 
| 2.623 | 3 | 2.633 | 2 | 2.636 | 3 | 2.621 | 2 | 2.621 | 1 Pyrite 
| 2.555 | 2 | | | | | | | Kaolinite 
| 2.471 | 3 | | 2.454 | 4 | | | 2.440 | 2 Quartz 
| 2.397 | 3 | 2.397 | 3 | | | 2.406 | 2 | Kaolinite, pyrite 
2.285 | 3 | | 2.279] 3] | | 2.267 | 2 Quartz 
| | 2.235 | 2 | ) | 2.221] 1 Quartz 
2.189 | 6 | | | | | | 2.194 | 2 | Dolomite, pyrite 
| 2.118 | 4 | | | 2.129 | 3 2.115 | 2 Quartz 
2.074 | 4 | 2.056 | 3 | | | | Dolomite 
2.007 | 1 | 1.990 | 3 | 1.978 | 3 | 1.979 | 4 | 1.969 | 1 Quartz, dolomite 
| 1.954 | 3 | } | | | 
| 1.908 | 3 | 1.919 | 3 | 1.902 | 7 | 1.906 | 1 | 1.911) 6 | Pitchblende, py- 
| | rite, sphalerite 
| Te gars wa Et oe ——_|-|—- 
1.882} 1) 1.855 | 3 | 1.854 | 3 1.809 | 7 Pyrite 
1.819 | 3 | 1.819 | 3 | 1.815 | 4 | Quartz 
1.792 | 4 | | 1.793 | 3 | 1.806 | 3 | 1.808 | 4 Cuasts 
| | | = 
1.673 | 3 | | | 








1.613 
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TABLE 10.—Continued 













































































Asphalts Urano-organic ore 
a Collapse Collapse | Calyx area 
— tr - Thucholite 
Canada eee 
_. | ?Kaibab | ?Kaibab i Possibility 
we | ODE. | DOM | ) 
Wingate |V_5 777 feet|V-1 370 feet| oe | Streak Nodules 
| | 
“@Ay |r} a(Ay |} a(Ay | 1 | a(A) | I | d(A) | 1} d(A) | 1} aA)! 1 
——— —| — Sse j—|— a a —= | ——— | —— 
| | | | 
1.656 | 1 | 1.661 | 3 | | | | | 661 | 1 Quartz 
} | | | | | 647 | 1 
| | 1.631 | 3 | 1.633 | 3 | 1.625 | 7 | 1.627 | 1 | 1.633 6 | Pitchblende, py- 
| | | | rite, sphalerite 
| | = = fai & 
| | | | | | 1.623 | 8 Pyrite 
1.613 | 2 | 1.597 | 2 | Pyrite 
1.542 | 2 | 1.542 | 2 | 1.539 | 2 | 1.540 | 5 1.535 | 3 Quartz 
| | , 4 | 1.446 | 1 Quartz 
| } | | 1.442 | 1 Pyrite 
| 1.418 | 2 | = | | 
| 1.382 | 2 | | | 1.381 | 2 | | | 1.377 | 1 | | Quartz 
1.374 | 2 | |} | 1.3721 2 | | 1.370 | 3 | | Quartz 














* Blank spaces represent unassigned lines of unknown crystalline compounds. 


t Does not represent dolomite. 


“..the concentration of uranium, vanadium, 
copper, and arsenic, in the ash of oil extracted from 
petroliferous beds in the Moenkopi, Shinarump, and 
Wingate formations in the San Rafael Swell district, 
Emery County, Utah, is similar to the concentration 
of these metals in the uraniferous asphaltite de- 
posits around the flanks of this structure... The 
evidence suggests that the uraniferous asphaltite 
was derived through volatilization, oxidation, and 
polymerization of a petroleum whose ash was en- 
riched in uranium, vanadium, copper, arsenic, 
molybdenum, and nickel.” 


The highest uranium conter:t of crude oil is 
given as 0.02 ppm, and the lowest as 0.00001 
ppm. There is a wide range in intermediate 
values. However, crude oil does not contain 
uranium in ore-bearing concentrations. In 
general, the nonuraniferous hydrocarbons in 
the vicinity of Temple Mcuntain show a con- 
centration of uranium between 1500 and 3000 
times the highest concentration of uranium 
in crude oil, whereas the uraniferous hydro- 
carbons show a concentration of uranium of 
more than 500,000 times. An average urano- 
organic ore sample would represent a con- 
centration of 2,000,000 times that in crude oil. 
Seven gilsonite specimens show variations of 


0.015 to 3 ppm uranium, representing a con- 
centration difference of only 200 times. 
The irregular increase in uranium in in- 
durated hydrocarbons indicates that the 
element has been added to the petroliferous 
material locally. The hydrocarbons containing 
relatively large amounts of uranium are not 
apt to result wholly from the concentration by 
inspissation of a petroleum containing as low a 
concentration of uranium as 0.02 ppm or 
from a petroleum uniformly enriched. 
The same argument would apply to the 
concentrations of As, Co, Se, V, and Zn. The 
uniform properties of the urano-organic ma- 
terial, in contrast to the zonal distribution of 
the contained metallic elements and _ repre- 
sentative metallic minerals, point to the local 
hydrothermal source responsible for the al- 
teration associated with the occurrence of the 
organic ore. The concentration of the elements 
As, V, Zn, and U may be attributed to a con- 
centration of submicroscopic and microscopic 
particles of native arsenic, montroseite, sphal- 
erite, and uraninite that are known to exist 
intimately associated with the ore. Thus, the 
concentration of these elements may not be 
characteristic of the organic material but would 
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be representative of the minute included chiefly nonmetallic sedimentary and alteration 
metallic minerals formed by the action of the minerals, such as quartz, illite, kaolinite, and 
original material on hydrothermal solutions few particles of carbonates and sulfates. The 
carrying these elements. second group represents metallic-mineral par. 

The irregular distribution of low concentra- ticles, such as pyrite, arsenic, sphalerite 


TABLE 11.—X-Ray DirrrRacTION OF NATIVE ARSENIC 


X-ray diffractometer, Cu/Ni 


Collapse border Camp Bird Mine No. 7 |Collapse Fumarole Claim? | Echizen Province Japan{ 
Nodule | Disseminated in ore* | Band in nodulet 
a(A) | I | aA) r | ad I d(A) I 
4.247q 5 | 
3.504 | 74 | 3.504 | 22 3.516 13.4 3.516 | 18 
3.330q | 6 3.336q | 85 | 3.336q 11.2 
| 3.198¢ 10.0 
3.108 | , | 3.097 19 | 3.108 6.4 3.108 3.6 
3.066¢ | 4 | 3.066c 1.2 
2.769 100 | 2.761r 100 2.776 100 2.776 100 
2.540c &.5 
2.045 | 53. | 2.043r 42 2.047 19.6 2.047 26.3 
| | 1.959c 1.6 
1.875 44 | 1.871r 39 1.876 22.5 1.878 24.5 
1.763 | 18 | 1.763 14 1.766 7.8 1.769 9.3 
1.653 8 | 1.653 12 1.656 Ie 1.656 5:5 
1.550 | 21s 1.549r 17 1 8.5 1.533 1:1 


Re 


| 
| 


c = contaminant impurities unidentified, q = quartz, r = realgar. 

* Separated from ore by tetrabromethane settling and Frantz Isodynamic Separator. Partical size is 
60-120 mesh. Associated realgar lines are removed. 

7 From Kerr and Lapham (1954). 


tions of Ni and Mn, which are not represented uraninite, and montroseite, with secondary 
by primary minerals and are elements char- alteration products, realgar, orpiment, and 
acteristic of organic materials, may indicate a __jarosite. The two most abundant contaminants 
source from the organic materials. Although are quartz and pyrite. 
the irregular distribution of low concentrations X-ray powder-camera patterns of the ore are 
of Cr in the ore may also indicate an organic generally indistinct. However, X-ray-diffrac- 
source for this element, the localized distribu- tometer patterns of the urano-organic material 
tion of chromium mica clay (Kerr and Hamil- yield lines corresponding to uraninite ot 
ton, 1958) in faults and near or within the — sphalerite or both (Table 10). Pyrite is usually 
collapse also may reflect transportation by late _ present. The spacings and intensities are such 
hydrothermal solutions. The widespread dis- that many of the pyrite lines can be separated 
tribution of moderate concentrations of iron from those of uraninite-sphalerite. Sphalerite 
and the various generations of pyrite are and uraninite concentrations of less than | 
indicative of a multiple source for that element. or 2 per cent are not detected by the X-ray- 
diffraction technique used; however, _ the 
stronger X-ray reflections that could correspond 
to either of the two minerals are present every- 
General Statement where in the ore. Uranium was present in 
more than 1.8 per cent equivalent U,0g in 
Two types of mineral assemblages occur in samples, but zinc concentrations ranged from 
the ore. The first consists of host-rock particles, .X to X. per cent. Probably at least some 
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METALLIC MINERALS OF THE ORE 


finely microscopic and submicroscopic uraninite 
js present in all the ore. Such lines are also 
present in thucholite from Besner Mine, 
Ontario, in which zinc was not detected by the 
X-ray spectrograph. 


TABLE 12.—X-RAy MEASUREMENTS FOR HEAvy- 
MINERAL MIXTURE 
Camp Bird Mines 
Separated from ore by tetrabromethane and 
Frantz _Isodynamic Separator. X-ray diffractom- 
eter, Cu/Ni. Black grains which yield on X-ray 
spectrographic analysis xx. per cent Fe and As, 
x. per cent Zn and V, and 0.x per cent U, Ni, Mn, 
and Cr. vb = very broad line. 


Possibilities 


d(A) | I 

S42 | | Unknown 

Very weak lines | 

3.34 | vb | Quartz 

3.12 8 | Pyrite, sphalerite 

2.94 3 | Loellingite 

2.88 | 2 | Loellingite 

2.76 | 5 Native arsenic 

2.70 | 7 | Pyrite 

2.60 3 | Loellingite 

2.34 | 10 | Loellingite, pyrite 

Very weak lines | 

2.04 | 1 | Native arsenic, loellingite 

Very weak lines | 

1.88 | 2 | Native arsenic, loellingite, 

sphalerite, pyrite 

Sa a | Unknown 

165 | 1 | Unknown 

1.62 3 | Pyrite, sphalerite, loellin- 
gite 

1.59 2 | Loellingite 

The identified metallic minerals may be 


discussed on the basis of the significant metallic 
elements. 


Arsenic Minerals 


Kerr and Lapham (1954) originally identified 
native arsenic in a band from a nodule taken 
from the collapse (Fig. 18, G). Native arsenic is 
relatively abundant in the ore zone at the 
Camp Bird mines north of the western collapse 
area. The arsenic not only forms as clusters of 
microscopic crystals (Pl. 3, figs. 3, 4) but as 
nearly solid nodules with dimensions up to 1 
cm (Fig. 18, H, 7) and as thin stringers and 
irregular patches. Minor native arsenic is 
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present also in the heavy minerals separated 
from organic material in drill cores taken at 
depth in the collapse area. Alteration of the 
arsenic resulted in coatings of realgar and 
orpiment. Partial X-ray-diffraction patterns 
of native arsenic are shown in Table 11. 

Native arsenic has been found at a number of 
localities in the United States (Palache, Ber- 
man, and Frondel, 1944). Periodic deposition 
of the metal is common. Examples would be 
the reniform masses in Arizona (Warren, 1903) 
and concentric layered deposits near Montreal, 
Canada (Evans, 1903). Both of these occur- 
rences are considered the result of ‘‘fumarole 
action.” In general, native arsenic is believed 
to be deposited from hydrothermal solutions. 

Sedimentary rocks range in average arsenic 
content from 1 to 2 ppm for limestones and 
sandstones and up to 10 ppm for shales (Onishi 
and Sandell, 1955). Arsenic increases with 
organic content; some organic shales contain 
as much as 59 ppm. Some pyrite contains up 
to 450 ppm. The distribution of arsenic in 
sedimentary rocks is believed to reflect arsenic 
carried up from depth by thermal springs and 
volcanic exhalations, probably in the form of a 
chloride or oxide (Onishi and Sandell, 1955). 
Spectrographic analyses of the ash of various 
petroliferous materials yield arsenic contents 
ranging between .x and x. per cent on the 
average (Erickson, Myers, and Horr, 1954). 
The possibility exists that the arsenic at Temple 
Mountain -may have been derived from the 
organic materials. However, the zonal distri- 
bution of the element in the ore and the re- 
striction of occurrences of native arsenic near 
the collpase favor hydrothermal solutions. 

The abundance of pyrite and the presence of 
other sulfides associated with the ore suggest 
the system Fe-As-S. The presence of an iron 
arsenic mineral is suggested by X-ray-diffrac- 
tion measurements of metallic mixtures sepa- 
rated from high-arsenic-bearing ore. One such 
pattern is shown in Table 12. X-ray spectro- 
graphic analysis of this heavy black-mineral 
aggregate yielded iron and arsenic concentra- 
tions on the order of xx. per cent. Sulfur is 
present qualitatively. Native arsenic and 
pyrite are present in the ore from which this 
material was separated. A number of the X-ray 
spacings suggest loellingite-leucopyrite. Simi- 
larly, arsenopyrite has not been conclusively 
identified, although suggestive X-ray patterns 
have been obtained. X-ray spectrographic 
analyses of pyrite from ore zones yield arsenic 
on the order of .x per cent. Possibly the arsenic 
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is in solid solution. The assemblage pyrite- 
arsenic-arsenopyrite suggests temperatures be- 
tween 320° C., the melting point of realgar, and 
675° C., the melting point of arsenopyrite at 1 


TABLE 13.—PARTIAL X-RaAy-DIFFRACTION 
MEASUREMENTS OF IRON SULFIDES 























Pyrite* Marcasitet 
Range in Range in| Rangein | Range in 
spacing intensity spacing intensity 
d(A) I 
3.11-3.12 26-34 3.42-3.48 50 
2.70 100 2.69-2.71 100 
2.42 59-78 2.41-2.43 | 30-40 
2.20-2.21 41-45 2.31-2.33 30-40 
1.91 38-47 1.91-1.92 30-40 
1.80-1.84** 3-6 1.76-1.77 90 
1.63 70-99 1.72-1.73 10 
1.56 6-12 1.70 10-20 
1.50 10-18 | 1.67-1.68 | 10 
1.44-1.45 16-22 1.59-1.60 | 20-30 
1.24 6-12 (very faint lines) 
1.20-1.21 6-12 1.43-1.44 10-30 
1.18ff 6-12 1.37-1.38 5-10 
1.23 10 
1.17 20 











* X-ray diffractometer, Cu/Ni 

} X-ray powder film, Cu/Ni 

** Contaminant present in all patterns 

Tt hkl (421) used for estimate of unit cell dimen- 
sions. Actual measurements for four pyrites were 
1.179, 1.180, 1.181, and 1.182 A. 


atmosphere pressure. In nature, however, 
increased pressure from the load of overlying 
sediments and the effects of water on the 
system would lower this temperature range 
somewhat. 

The native arsenic at Temple Mountain is 
believed to have been derived from the ore 
solutions under elevated temperatures, in- 
ferred from other occurrences of the metal and 
the probable conditions of deposition in the 
presence of iron and sulfur. 


Iron Minerals 


Pyrite, the most abundant metallic mineral 
associated with the ore, appears in three 
generations. An earlier, pre-ore pyrite is as- 
sociated with organic materials, particularly 
coalified wood (Pl. 2, figs. 1, 2; Pl. 3, fig. 2) 
The pyrite core of nodules, about which clay 
minerals and urano-organic materials have 
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accumulated (Fig. 18), may also be of pre-ore 
age but later than that associated with the 
wood. The second generation of pyrite is that 
deposited during uranium mineralization and 
forms in zoned pods and pisolites containing 
ore and as crystals disseminated in the ore 
(Fig. 18; Pl. 1, fig. 2; Pl. 3, fig. 6). A third 
generation of post-ore pyrite is represented by a 
few streaks cutting ore masses. 

Small amounts of marcasite may be presen‘ 
throughout the mining district, but the most 
noticeable occurrences are near or within the 
collapse. Bands of marcasite up to half an 
inch thick are present in fractures in cores 
from the collapse (Pl. 1, fig. 6). These are not 
associated with the ore. Marcasite is mixed 
with pyrite in ore-bearing nodules from the 
collapse (Fig. 18, D). Away from the collapse, 
it forms small radial clusters within pyrite 
replaced coalified wood. 

X-ray-diffraction measurements of some 
pyrite and marcasite from Temple Mountain 
are shown in Table 13. Pyrite associated with 
the ore contains arsenic in quantities ranging 
between .x and x. per cent. The lattice constant 

aq determined on the basis of hkl (421) av erages 
3413 A and ranges from 5.408 A to 54174 
for four pyrites. The lattice constants for two 
pyrites listed on the ASTM Index Cards are 
5.4046 A and 5.407 A. Kerr, Holmes, and Knox 
(1945) give the lattice constant ao for pyrite 
from Leadville as 5.40667 + .00007 A. The 
pyrite from Temple Mountain has slightly 
larger cell dimensions. This may result from 
the presence of arsenic in the lattice. According 
to a summary of the occurrence of minor ele- 
ments in some sulfide minerals (Fleischer, 
1955), the average arsenic content of sedi- 
mentary pyrites is 600-900 ppm and of hydro- 
thermal pyrites 400-700 ppm. There is more 
arsenic in low-temperature vein pyrite than in 
higher-temperature vein pyrite. Neuhaus 
(in Fleischer, 1955) reported 5 per cent arsenic 
in pyrite with a unit cell of 5.442 A. The general 
belief is that the arsenic is present in true solid 
solution and causes the increase in cell di- 
mension. 

Both marcasite and pyrite are found in many 
sedimentary deposits. From a study of the 
effect of temperature and acidity on the for- 
mation of marcasite and wurtzite, Allen, 
Crenshaw, and Merwin (1914, p. 430-431) 
concluded that the unstable forms, marcasite 
and wurtzite, formed from acid solutions. 
However, they were usually mixed with the 
corresponding stable forms, pyrite and sphal- 
erite. The higher the maximum temperature 
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of the experiment, if other conditions remain 
unchanged, the greater the quantity of the 
stable forms. The higher the acidity, if other 
conditions remain unchanged, the greater the 
quantity of the unstable forms. Acid concentra- 
tion necessary to give rise to pure marcasite 


TABLE 14.—X-RAy DIFFRACTION MEASUREMENTS 
or Two VARIETIES OF URANO-ORGANIC 
MATERIAL 
From small amounts picked from a polished sur- 
face. Angles of reflection of galena followed by 
their intensities are from Swanson and Fuyat 

(1953). 


























Clear gray Turbid 
gray Possibilities 
a(A) | 1] a(A) | I 
5.25 | 6 Unknown 
| 3.44 | 7 | Galena (3.429-84) 
3.34 1 Unknown (?quartz) 
3.13 | 1 | 3.13 | 4 | Uraninite, sphalerite 
2.99 | 4| Galena (2.969-100) 
2.73 | 1 | 2.72 | 1 | Uraninite 
2.11 | 5 | Galena (2.099-57) 
1.92 | 1 | 1.92 | 1 | Uraninite, sphalerite 
1.80 | 2 | Galena (1.790-35) 
1.65 | 1 | 1.64 | 1 | Uraninite, sphalerite 











falls with the temperature and is close to 
neutrality at ordinary temperatures. Marca- 
ite, therefore, may be expected to be deposited 
stom acid solutions, or conversely, “‘... it 
becomes evident that the alkaline nature of 
fhe water, irrespective of the temperature, 
its sufficient to condition the formation of 
pyrite’ (Allen, Crenshaw, and Merwin, p. 
428). The temperature of formation of a speci- 
men of natural marcasite from Obira, Japan, 
has been recorded as 279° C. on the basis of 
liquid inclusions (Ingerson, 1955). 

The alternation of bands of pyrite and 
marcasite in a nodule from the collapse may 
indicate local changes in pH. Bernauer (1935) 
noted that marcasite altering with pyrite 
resulted from volcanic exhalations. If the 
temperature of the ore solutions was slightly 
elevated, the pH of the solutions at the time of 
deposition was neutral to slightly acidic, rather 
than alkaline. This interpretation would agree 
with the solution of carbonate below the Moss 
Back. 


Lead Minerals 


Lead has not been determined by X-ray 
spectrographic analyses of the ore. The pres- 


ence of galena, however, may be indicated in the 
calyx area on the basis of X-ray diffraction 
of some turbid urano-organic material (Table 
14). Galena occurs in small crystals and nodular- 


TABLE 15.—X-RAy-DIFFRACTION MEASUREMENTS 
OF MONTROSEITE 





























Montroseite Montroseite 
Temple Mountain* Weeks e al. (1953) 
d(A) I d(A) I 

== - = 
4.75 VF 
4.29q 4 4.31 S 
3.37q 10b 3.38 M 
2.95u z 
2.63 9 2.644 S 
2.47 4 2.495 M 
2.41 1 2.423 W 
2.20 3 2.27 M 
2.15 2 2.151 F 
1.96 1 1.965 W 
1.93 1 1.918 W 
1.841 Fb 
1.731 Ww 
1.689 W 
1.62 1 1.605 WwW 
.50 1 1.512 M 
1.47 1 1.467 W 
1.41 : 1.391 W 
1.302 F 
1.282 F 
*X-ray diffractometer, Cu/Ni. q = quartz 
contamination, u = unknown, b = broad line. 


Separated from ore. Black grains, opaque with 
submetallic luster and black streak. X-ray spectro- 
graph yields xx. per cent V and x. per cent Fe. 


like clusters of crystals found in drill cores from 
the upper Coconino and possibly Kaibab in 
the collapse. However, ore has not been found 
in association with these occurrences. 


Uranium Minerals 


Uraninite (var. pitchblende) is present in 
small amounts throughout most of the ore at 
Temple Mountain. It generally occurs as small 
crystals and irregular grains scattered at 
random throughout masses of ore (Fig. 18, 
E). These small particles furnish radioactive 
centers for autoradiographic reactions on 
polished surfaces. Radiation emanates from 
small light-gray hard grains. If nuclear-track 
plates are used, black reactions indicate 
particles of uraninite; elsewhere the tracks are 
irregularly scattered and in a few places ir- 
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regularly concentrated throughout the urano- 
organic material. Large masses of this mineral 
have not been noted. Only rarely have grains 
been identified on the order of 1 or 2 mm in 
diameter. 

Although uraninite is well known as a re- 
placement of fossil wood elsewhere, all urani- 


TABLE 16.—X-RAy-DIFFRACTION MEASUREMENTS 
OF SPHALERITE 

















Sphalerite Temple Sphalerite A.S.T.M. 
Mountain* index card 5-0566 
d(A) I d(A) I 
3.343q 2 
3.124p 10 3.123 100 
2.708p 3 2.705 10 
2.415p 1 
2.209p 1 
1.911 8 1.912 51 
1.629p $ 1.633 30 
1.559 1 1.561 2 
1.443p 6 
1.348 1.351 | 6 
1.241 1 1.240 | 9 
1.209 2 
1.1040 1 1.1034 | 9 
1.0412 1 1.0403 | 5 
0.9567 14 0.9557 3 
0.9139 4 0.9138 | a 











* X-ray powder film, Cu/Ni. Contaminants are 
q = quartz, p = pyrite. 


nite identified from specimens examined is 
restricted to the urano-organic ore that shows 
no cell structure and has a texture indicative of a 
fluid or semifluid state at the time of deposition. 


Vanadium Minerals 


The source of secondary vanadium minerals 
appears to be in part from montroseite, which 
has been identified by Weeks, Cisney, and 
Sherwood (1953) from the Rex No. 2 mine and 
from Calyx Hole mine No. 8 (Table 15). At 
the latter locality, it occurs mixed with the 
urano-organic ore. Separation of the heavy- 
mineral fraction and subsequent purification 
with the Frantz Isodynamic Separator yields 
material satisfactory for identification. Exami- 
nation of the heavy minerals separated from 
the ore at other Calyx-South Workings lo- 
calities may reveal that montroseite is more 
common than is here noted. 
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““Montroseite is the least oxidized vanadium 
mineral thus far found in the Colorado Plateay 
uranium-vanadium ores, and it is thought to 
be a primary mineral” (Weeks, Cisney, and 
Sherwood, 1953, p. 1241). Garrels (1953) 
considers V2O3 (or its hydrate) the lowest. 
valent vanadium oxide expected. It should 
occur under reducing conditions common in 
nature and oxidize to the next-higher-valent 
vanadium oxide at about the same potential 
necessary to convert sulfide ion to sulfate. 
It would be represented in the “... original 
montroseite-pyrite-pitchblende type of ore” 
(Garrels, 1953, p. 1265). 


Zinc Minerals 


Kerr and Lapham (1954) found sphalerite 
in an arsenic-bearing nodule, disseminated in 
quartz and pyrite (Fig. 18). It forms small 
crystals and irregularly shaped particles 
scattered through the ore. Ore containing 
relatively abundant sphalerite particles con- 
tains Zn in concentration on the order of x. 
per cent. Rarely, stringers of sphalerite cut 
pyrite that has replaced rims of silicified logs. 
In a few cases, sufficient material can be iso- 
lated from these occurrences for X-ray diffrac- 
tion (Table 16). Optical, etch (Short, 1940), 
and microhardness properties are similar to 
disseminated particles of sphalerite found in 
the ore (Pl. 3, fig. 6). Zinc is concentrated on 
the order of xx. per cent. Determinations of 
the lattice constants are approximate because 
of quartz and pyrite lines in the patterns. 
However, on the basis of one X-ray patter, 
the (hkl) spacing (531) gives ag 5.407 A. 

Attempts at separation and purification of 
the small quantities of sphalerite were aban- 
doned because of the fine size, sporadic dis- 
tribution, and, in many samples, mixture with 
fine particles of quartz and pyrite. Sufficient 
material was not found for flotation and froth 
separations. Thus sphalerite has not been used 
as a geological thermometer (Kullerud, 1953). 
The FeS content on the basis of the lattice 
constant given above would be on the order of 
25 per cent. This would yield an anomalous 
temperature. 

Sphalerite reported in the presence of excess 
iron sulfide (pyrite) at the Happy Jack mine 
in White Canyon, Utah, and the Hidden 
Splendor mine (Delta mine) in the San Rafael 
Swell results in temperature determinations 0 
less than 138° C. (Coleman, 1957). 

Recently, some doubt has been expressed 
concerning the accuracy of the Kullerud 
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method, and the question of the effect of water 
and other components on the FeS-ZnS system 
is discussed in the literature (Fryklund and 
Fletcher, 1956; Kullerud, 1956). Even if 
purification of the Temple Mountain sphalerite 


at depth. It does not appear to be influenced in 
deposition by organic material. 

Galena from the upper part of the Coconino 
has been obtained in drill cores in the collapse. 
It may be present locally in minor amounts 


TABLE 17.—HEAvy METALLIC MINERALS SEPARATED FROM SELECTED ORE ZONES 


Particle size was between 60-120 mesh. Separation was by tetrabromethane settling and Frantz Iso- 
dynamic Separator. Identification was by X-ray diffraction. 


Locality Metallic minerals 


Collapse (DDH V- | 


5; 777 feet) 
Collapse border 
(Camp Bird 
Mine No. 7) 


nite, unknowns 


Arsenicf, marcasitef, pyritef, unknown 


| ° : ° ° 
| Arsenicf, (realgar)t, pyritet, sphalerite-urani- 


Metallic-element concentration of 
separations (average) * 


x: | x, Pe 
| Cu, Mn, Sr, Zn 


As, Fe | Zn, V | Cr, Mn, Ni, U 
| 


| 

| 

| V, Fe Ag. Cu, 
| 

| 


| 
| 
Calyx Mine area | Montroseitef, pyritet, sphalerite-uraninite | Mn, 
(Calyx Mine No. | | Ni, U, Zn 
8) | | 
Flat Top Mesa | Arsenic, pyrite, sphalerite-uraninite, un- | Fe | As | Cu, Mn, Ni, U, 
{ 


(north end) knowns 





* Metallic-element concentration was by X-ray spectrograph. 


+ Most abundant. 


is possible, it is doubtful that the resulting de- 
termination of FeS content and temperature 
would be reliable. Pyrite is the only mineral 
on which the presumption may be made that 
FeS saturation existed during deposition of the 
sphalerite. Whether pyrite is as reliable an 
indicator as pyrrhotite has not been estab- 
lished, although it is being used on the Colorado 
Plateau (Coleman, 1957). The pyrite at Temple 
Mountain occurs in several generations and 
probably cannot be used. 


Distribution of Metallic Minerals 


Arsenic, uraninite, sphalerite, and mon- 
troseite occur in and near urano-organic ore 
masses. Arsenic occurs in cores at depth as 
indicated by arsenic sulfides assumed to repre- 
sent oxidation of the native metal. A common 
origin is indicated for As, Zn, V, and U, and 
an affinity for the organic material in repre- 
sentative metallic minerals is found. 

Pyrite and marcasite may occur independ- 
ently or associated with the ore. Various 
methods of deposition explain pyrite distri- 
bution. Most marcasite not associated with ore 
occurs near or within the collapse, particularly 


in the ore horizon. Deposition probably occurred 
accompanying the introduction of the other 
metallic elements. 

ZONING: Ores with a relatively high con- 
centration of metallic elements generally 
exhibit metal-bearing minerals. Lateral zoning 
by metallic elements is reflected in the mineral 
content of the ore (Table 17). Vanadium, which 
increases in the ore away from the collapse, 
yields occurrences of montroseite in the Calyx 
area. Uraninite and sphalerite are widely 
distributed in the ore, both near and away 
from the collapse. The increase in. uranium 
and zinc in the ore away from the collapse 
reflects the concentration of the urano-organic 
material in the calyx area (Fig. 6). Arsenic, 
which increases in concentration in the ore 
toward the collapse, appears as native arsenic. 
No primary minerals of cobalt and selenium 
have been identified. 

Data are inadequate to establish vertical 
zoning. Galena is found at depth in the col- 
lapse, whereas native arsenic, marcasite, and 
pyrite occur with mineralized organic material 
from the Kaibab or equivalent depth. The three 
are also present in the ore horizon. 
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Pisolitic forms identical to those of the San 
Rafael Swell are found at Elk Ridge, Utah, 
in urano-organic materials (Kelley, D. R., 
Oertell, E., and Wichtner, J., 1953, unpub. 
US.A.E.C. Project Rept.), and Erickson, 


pellets and interstitial streaks coalesce to form 
pellet groups or larger single pellets and larger 
streaks or irregular patches of up to 2 cm in 
diameter. The outlines of the forms of the first 
stage are generally preserved (Fig. 17, D). 
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FiGuRE 16.—URANO-ORGANIC ORE ALONG FRACTURE 
Lower Wingate, South Temple Mountain 


Myers, and Horr (1954) mention solid ‘“as- 
phaltite pellets”, containing as much as 1.6 
per cent uranium, found by the U. S. Geological 
Survey in well cuttings from the Panhandle gas 
field near Amarillo, Texas. The writers recog- 
nize the following sequence in the development 
of large ore masses. 


1) Initial replacement occurs at the expense of the 
interstitial clay cement and extends to detrital 
grains. The mineralization develops principally 
parallel to bedding along more permeable zones, 
or secondarily along fracture or fault trends. It 
forms with relatively sharp as well as irregular 
external boundaries. In the initial replacement, 
either small pellets less than a few millimeters 
in diameter form with sharp boundaries (Fig. 
17, A) or irregular interstitial streaks and dissemi- 
nations form irregular boundaries (Fig. 17, B). 

Further replacement occurs at the expense of 
the detrital grains. During this stage, the smaller 


=) 


(3) A final stage is represented by large pellets, 
pods, patches, and streaks of more than a few 
centimeters in diameter, in which the detrital 
grains consist of a few scattered, corroded rem- 
nants. The outline of the smaller forms may be 
preserved by stringers of carbonate or clay that 
fill contraction fractures developed around the 
relict boundaries (Fig. 17, E). However, a mas- 
sive body of urano-organic material generally 
results (Fig. 17, F). 


Concentric development of pisolites is 
common. Massive and crystalline pyrite and, 
to a lesser extent, clay may form the nucleus 
of a nodule (Fig. 18, B, £). Subsequent al- 
teration during the last stages of hydrothermal 
activity may convert the sulfide to the sulfate, 
jarosite (Fig. 18, F). The clay and pyrite cores 
are slowly replaced as the organic material 
accumulates. Nodules may be composed of 
one type of organic material (Fig. 18, A), 
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or they may: show concentric bands of slightly 
different organic materials, in part translucent, 
in part opaque (Fig. 18, B). Concentric banding 
is seen in some larger disseminated ore masses. 
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Nodules composed of metallic minerals j 
which the ore is either absent or constitutes , 
minor portion are much less common. Pyrite 
nodules in which organic material and othe; 
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FicurE 17.—D1AGRAMMATIC DEVELOPMENT OF MAssEs OF URANO-ORGANIC MATERIAL 
Moss Back Sandstone of Temple Mountain 

A. Zone of scattered nodules of urano-organic material surrounding a large interstitial pyrite saturated 
body. Cement is dominantly intermixed kaolinite and illite. 

B. Irregular interstitial patches of urano-organic material replacing clay cement 

C. Border of large urano-organic pod showing narrow barren zone separating the edge of pod mate 
up of coalescing nodules and the surrounding thin zone of patches and nodules of organic material 

D. Coalescing of urano-organic patches anda few nodules to form streaks of ore along bedding planes. 


Ore associated with strong illitization. 


E. Almost complete coalescing of patches and nodules to form masses of urano-organic material. Thin 
stringers of carbonate outline and in a few places penetrate small bodies of ore. 

F. Massive ore with remnants of detrital grains and thin stringers of clay 

No attempt was made to represent minute amounts of metallic minerals. Urano-organic material is dark 
stippling. Pyrite is lighter stippling. Clays are dashed (dominantly illite). Carbonates are cross-hatched. 


Detrital grains are outlined. 


The ore mass may be surrounded by accretions 
of pisolitic or irregular forms, or a single zone 
of isolated pellets, or small interstitial streaks 
or patches. In some cases, a relatively barren 
zone of a few millimeters may separate the 
pod from the surrounding aggregate pellet 
zone (Fig. 17, C). In a few cases a partially 
spherical zone of scattered pellets and patches 
may be surrounded by a zone of interstitial 
pyrite (Fig. 17, A). 


metallic minerals are absent are scattered 
throughout the district. Other metallic nodules 
in which the ore occurs as scattered inclusions 
and in a few places as rims are the least com- 
mon and seem to be restricted to the collapse 
and immediate surroundings (Fig. 18, D, £, 
H, I). Cyclic deposition, as indicated by repe- 
tition of concentric mineral bands, is shown 
in the arsenic-bearing nodule described by Kert 
and Lapham (1954) (Fig. 18, G), in which two 
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generations of pyrite-sphalerite occur, and by 
the alteration of pyrite and marcasite in nodule 
4 (Fig. 18). The concentric banding and cyclic 
deposition reflect local changes in the intensity, 
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any theory of detrital origin. In general, the 
presence of pyrite, clay, or silica core, par- 
ticularly in the larger forms, and the spherical 
shape suggest the necessity of a nucleus for the 
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FicurE 18.—SoME OrRE-BEARING NODULES 
Temple Mountain, Utah 


composition, and quantity of the hydrothermal 
solutions. Urano-organic materials, and rarely 
waninite, as disseminated inclusions and 
rims, appear to be restricted to the outer 
portion of nodules containing iron- and zinc 
sulfide (Fig. 18, D, E, G), but in a few cases 
are found as inclusions throughout nearly pure 
arsenic nodules (Fig. 18, H, J). 

The pisolitic forms at Temple Mountain 
contain remnant sedimentary quartz grains, 
which are indicative of replacement. This 
texture, together with the mechanism of de- 
velopment of large masses of ore, eliminates 


precipitation and localization of some of the 
ore and associated metallic minerals. 

Refluxing Temple Mountain semifluid tar 
in water shows that the tar may be circulated 
in solution as irregular spherical masses. These 
flocculate to form larger spherical masses, 
which in turn redisperse to smaller bodies 
during agitation of the solution. The margins 
of semifluid petroleum-impregnated  sand- 
stones contain irregular spherical bodies of 
viscous oil (Pl. 1, fig. 1). Similarly, the margins 
of massive ore patches contain pisolitic forms 
(Pl. 1, fig. 2). Upon emplacement or flocculation 
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of the emulsoid, the greater surface tension of deposition about a nucleus rather than dep. 
the more viscous substance results in spherical osition of a colloid. No contraction fracturg 
forms similar to those produced from colloidal have been observed in these nodules. 
suspensions (Bastin, 1950). The contraction 

cracks developed during the shrinkage of Included Metallic Minerals 





Pods of irregularly disseminated pyrite 
are found up to 10 inches in diameter. However, 
electron photomicrographs show  submiepo. 
Si scopic particles ranging in size from less thang 

o) micron to more than 10 microns in diameter, 
ONS Most of these particles are irregularly shaped 

. (Fig. 19; Pl. 4) and represent organic material, 
— aggregate crystallites of pitchblende (Sciacca, 
een aoe oe ere 1954), or other mineral inclusions. Lathlike, 
cubic, rectangular, or rhombic outlines indicate 


Y 
r 350 


08 2,2 fine crystals. Some correspond in shape to 

0 cy synthetic pitchblende, others to pyrite, clay, 
C3 Cd a and carbonates. 

“ With the exception of pyrite and the metallic 

as ate =: nodules, the metallic minerals are generally 

Cubic and rectangular outline Rhombic outline ) 


submicroscopic or microscopic. Where micro- 
scopically visible, they range from minute 
FicurE 19.—Composire ELEectroN Micro- _ irregular particles to crystals and are scattered 
GRAPHS OF URANO-ORGANIC ORE at random, clustered, or occur as _ irregular 
Lower Wingate, South Temple Mountain concentrations in a matrix of urano-organic 
material (PI. 3, fig. 5). Radioactivity intensity, 
colloidal material after deposition are similar as revealed by autoradiographs of polished 
to those produced during syneresis from the — surfaces, is irregularly distributed throughout 
loss, or reorganization, of organic components’ the ore. However, in many cases the radio- 
upon induration and polymerization ofa petrol- activity is not correlative with microscopically 
iferous material. Thus the texture of the urano- visible particles. 











organic ore is indicative of semifluid or fluid Where two types of urano-organic material 
material and reflects the probable petroliferous can be distinguished on a polished surface, a 
origin of the ore. preferential orientation is noted in a few cases 


The spherical forms of the metallic nodules, for the contaminant inclusions. The clear 
however, are indicative of replacement and _ light-gray ore contains no _ microscopically 


Pirate 3.—PHOTOMICROGRAPHS: SOME MINERALS ASSOCIATED WITH THE ORGANIC 
MATERIALS 


Ficure 1. Asphalt filling fracture in goethite vein penetrating lower Wingate Sandstone. Massive set 
ondary goethite (g) lies along the fracture wall; massive asphalt (a) fills the center of the fracture. Mag- 
nesite and minor calcite (m) fill shrinkage cracks in and around the asphalt. Thin section, using both trans 
mitted and reflected light. Adjacent to collapse area. ; 

FicureE 2. Partially spherical mass of pyrite in vitrain. Pyrite (black) crystallizing in fragment of vitrain 
causes distortion of the woody texture. From the Moss Back Sandstone of the calyx area. Thin section. 

FicureE 3. Arsenic and orpiment in turbid urano-organic ore. Small crystals of native arsenic (As) are 
grouped near the edge of urano-organic ore mass (Uo). Secondary massive orpiment (Or) is interstitial 
to the corroded detrital quartz fragments (shown as variable gray). From the Moss Back Sandstone border- 
ing the collapse area. Polished surface. 

Ficure 4. Arsenic and orpiment in turbid urano-organic ore. Euhedral and subhedral native arsenic 
crystals (As) being oxidized to orpiment (Or) in massive urano-organic ore (Uo). From the Moss Back 
Sandstone bordering the collapse area. Polished surface. 

Figure 5. Turbid urano-organic ore under high magnification. Minute contaminant mineral particles 
scattered in massive urano-organic ore cause the turbidity. From the Moss Back Sandstone of the calyx 
area. Polished surface. 

FicureE 6. Pyrite and sphalerite in the urano-organic ore. Small subhedral particles of pyrite (Py) an¢ 
sphalerite (Sp) with remnant corroded quartz fragments (dark gray) in massive urano-organic ore (Uo) 
From the Moss Back Sandstone of the calyx area. Polished surface. 
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ELECTRON PHOTOMICROGRAPHS OF URANO-ORGANIC ORE 
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PHOTOMICROGRAPHS: URANO-ORGANIC ORE 
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visible contaminants and in many cases is solutions by the organic material during em- 
located interstitial to patches of remnant detri- placement but before induration. 
tal grains (PI. 5, figs. 3, 4, 5). The turbidity of The occurrence of small amounts of sphal- 
the darker-gray ore, which generally makes erite and uraninite throughout most of the 
up the mass of urano-organic material, is ore indicates that the Zn and U content of the 
caused by minute contaminants (PI. 3, fig. 5). | ores is not wholly represented by metallo- 
The irregular distribution would be unlikely organic complexes. Considering that the con- 
to result before the emplacement of the organic _taminant particles are submicroscopic as well as 
material while it was fluid; otherwise, an align- microscopic, possibly little of either Zn or U 
ment of particles should be noticed. There- may be present as a metallo-organic compound. 
fore, the crystallite particles apparently formed Fine grinding of the ore “‘... indicates that 
during or after emplacement. most of the uranium is not now chemically 
On polished surfaces, in some cases particles associated with the organic matter” (Breger 
of pyrite and carbonate are arranged in cubic and Deul, 1955). Whether the elements As, 
and rhombic patterns. These relict outlines, Co, Se, and V are tied up as discrete mineral 
plus the presence of corroded quartz fragments, particles or metallo-organic complexes is less 
plus inclusions of other sedimentary minerals certain. The metallic minerals of these elements 
as well as alteration minerals, indicate replace- are not universally found through the ore. 
ment of these contaminants during emplace- 


ment of the organic material. Other Ore Textures 
Some minute particles of arsenic, sphalerite, 
and uraninite, which are essentially restricted There is a strong corrosion of the sedimentary 


in occurrence to masses of ore, show crystal and alteration minerals by the organic ore— 
form, which suggests direct crystallization. considerably more corrosion than occurs with 
The distribution through the ore, rather than’ either pyrite or the carbonates. The non- 
along the periphery, suggests two possibilities: uranium-bearing organic materials of either 
1) that the particles formed from the organic _ petroliferous or carbonaceous origin show no 
material during emplacement or induration, corrosive effect on the sediments. The cor- 
or (2) they were precipitated from the ore  rosive properties of the ore are, therefore, 





Pirate 5.—PHOTOMICROGRAPHS: URANO-ORGANIC ORE 


Ficure 1. Translucent and opaque urano-organic ore. Patches of variably translucent ore (Tuo) in 
opaque ore (Ouo) are not sharply outlined. From the Moss Back Sandstone of the calyx area. Thin section. 
The translucency is caused by intimate mixture of the ore with particles of other minerals. 

FicurE 2. Diffusion, band of low-grade urano-organic ore. A diffusion band (L) of low-grade urano- 
—_— material in mineralized asphaltic (Asp) impregnated Moss Back Siltstone from the calyx area. 

In section. 

FicureE 3. Interstitial turbid urano-organic ore (Tuo) and clear urano-organic ore (Cuo) in the Moss 
Back Sandstone from the calyx area. Polished surface. 

Ficure 4. Vermicular patch of clear urano-organic ore (Cuo) in interstitial mass of turbid urano-organic 
ore (Tuo) in the Moss Back Sandstone of the calyx area. Polished surface. 

FicurE 5. Orpiment associated with clear and turbid ore. Interstitial patch of orpiment (Or) along the 
edge of mass of clear (Cuo) and turbid (Tuo) urano-organic ore. Knoop microhardness indentation can be 
noticed in the orpiment. From the Moss Back Sandstone bordering the collapse. Polished surface. 

Figure 6. Goethite associated with urano-organic ore. Minute needles of goethite (G) are shown pene- 
trating corroded quartz grains from interstitial masses of urano-organic ore (Uo). From the Moss Back 
Sandstone of the calyx area. Thin section. 


PLATE 6.—PHOTOMICROGRAPHS: SILICIFICATION AND JAROSITE 


Figure 1. Chalcedony along the basal Moss Back contact. An aggregate of chalcedony contains dis- 

a particles and streaks of urano-organic ore (black). From the calyx area. Thin section, crossed 
ols. 

ae 2. Chalcedony spherule. A chalcedony spherule (Cs) in aggregate chalcedony along the basal 

Moss Back contact. Irregular masses of ore (black) are scattered through the silicified zone. From the calyx 

area. Thin section, crossed nicols. 

h Ficure 3, Chalcedony from the collapse area. A chalcedony band (Ch) associated with pyrite (Py) 

ed snanped in the argillized breccia zone in the collapse. From a core fragment. Thin section, crossed 

Ss. 
r F IGURE 4. An aggregate of jarosite. Jarosite (J) is peripheral to interstitial urano-organic ore masses 
\lack) in the Moss Back Sandstone bordering the collapse. Thin section, crossed nicols. 
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attributed to the metallic components of the 
ore, or, more likely, their associated solutions. 
Consequently, emplacement of the ore must 
have occurred during the time the organic 


‘ 


are slight. Galena present at depth is inclug, 
as a product of hydrothermal mineralizatig 

The individual replacement sequences repr 
sent surges rather than a clean-cut progres 
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FiGurE 20.—PARAGENESIS OF ALTERATION AND MINERALIZATION OF THE Moss BAck SANDSTONE 


material was in association with the metallic 
components or with the ore solution. 

There is evidence that local distribution of 
the ore was influenced by tectonic preparation 
of the sediments. Detrital grains are minutely 
fractured in many specimens (Fig. 17, C). 
These fractures may be aligned, and a few are 
filled with alteration clay minerals. Such frac- 
tures do not extend into patches of ore or 
correspond to syneresis fractures. Many of the 
masses of urano-organic material are irregu- 
larly elongated parallel to these fractures. 

Thin rings of low-grade urano-organic ma- 
terial, similar in form to Liesegang rings, indi- 
cate some diffusion of aqueous-organic solutions 
and further illustrate the original fluid nature 
of the organic ore (PI. 5, fig. 2). 


Mineral Sequence 


Figure 20 is a diagrammatic representation 
of the paragenesis of the various minerals 
deposited during hydrothermal alteration and 
mineralization of the Moss Back ore horizon 
at the Temple Mountain uranium mining 
district. The time relationships between the 
metallic minerals are tentative, and differences 


of minerals ending in the emplacement of th 


ore. Repetition of certain minerals occurs wit! 
maximum periods of emplacement at particula 


times. The emplacement of uranium apparent! 
culminated in a single epoch of mineralization 
An early stage was dominated by argillizatio 
and minor carbonitization, a middle stage } 


pyritization, and a final stage by the emplac- 
ment of the urano-organic materials and & 
sociated metallic elements. The earlier stage 
were not completed when the emplacement 0 


the ore occurred. 


ALTERATION ASSOCIATED WITH 
MINERALIZATION 
Hypogene Alteration 
Although more detailed study of the alter 
tion is in progress (Bodine, 1956) a summa! 
of alteration features is included here to col 
plete the discussion of mineralization. 


Three major alteration effects have bee! 


recognized at Temple Mountain (Kerr, Bodit 

Kelley, and Keys, 1956; Bodine, 1956): 

(1) The early argillization of upper Moenkopi # 
lower Chinle near the collapse and of low 
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Chinle near ore deposits removed from the 
collapse 

(2) A later carbonate stage involving emplacement 
of dolomite with some calcite at the expense of 
detrital silicates of upper Chinle and Wingate 
near the collapse 

(3) The final stage of siderite and hematite forma- 
tion in upper Chinle and Wingate near the 


The distribution of the three alteration 
effects may be outlined as in Figure 21. 

The writers believe that removal of carbonate 
and iron from Kaibab and Moenkopi sedi 
ments at depth occurred as a result of ascending 
mineralizing solutions acidic in nature. Con- 
centration of the carbonate ion increased as the 





collapse solutions moved upward through carbonate- 
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FicurRE 21.—PRreE-ORE ALTERATION IN UPPER AND LOWER STRATA 


In general, this sequence applies to individual 
stratigraphic units, yet the three stages occurred 
essentially contemporaneously, because of 
significant changes in the ascending hydro- 
thermal solutions and original differences of 
lithic composition of the various strata. This is 
shown by the following: 


(1) Field examination of the Moss Back Sandstone 
indicates that clay alteration continued up to 
the time of maximum ore emplacement. 

(2) Most of the clay-forming elements were derived 
from the sediments being altered. 

(3) Where clay minerals formed, carbonitization is 
negligible. 

(4) Carbonitization occurs in upper Chinle and 
Wingate, where argillization is a minor feature. 

(5) Adequate feldspars and sedimentary clay min- 

erals occur in the lower Chinle, Moss Back, and 

upper Moenkopi and yield alteration clays. 

Clay-forming elements are less concentrated in 

the massive sandstones of the Wingate and 

upper Chinle. 

Argillization was facilitated in the lower hori- 

zons and hindered in the upper horizons (5 and 

6) by the presence or absence of clay-forming 

elements. 


nN 
= 


"i 
(/ 


(8) Solution of carbonates in lower horizons and 
deposition of carbonates in upper horizons re- 
flect a vertical change in the character of the 
solutions. 


bearing Moenkopi. As a result, acidity de- 
creased. Neutralization was possibly aided by 
reaction with the alkali elements in dominantly 
argillaceous strata. Deposition and reconstitu- 
tion of clays occurred through upper Moenkopi 
and lower Chinle; the solutions became es- 
sentially neutral in the lower Chinle. The 
pH continued to rise with further removal of 
carbonate and reaction with alkalies in the 
Chinle sediments. Concurrently, deposition of 
masses of Ca, Ca-Mg, and Fe carbonate 
occurred at the expense of upper Chinle and 
Wingate sediments. The silica of the sedi- 
ments, removed by this replacement, remained 
in solution and was carried away, except for 
minor amounts resulting from replacement of 
the Moss Back Sandstone, which was pre- 
cipitated near the base. 

ALTERATION OF THE MOSS BACK ORE HORIZON: 
Argillic alteration occurs in the interstices 
between grains in the Moss Back Sandstone 
(Kelley and Kerr, 1957). Near collapse features 
and close to ore zones, kaolinite and mica clay 
(illite) become more abundant. Mixtures of 
1M and 2M; mica polymorphs are typical. 
The 2M, mica polymorph becomes a more 
abundant constituent of the mixtures, and 
aggregate birefringence and particle size 
appear to increase. Near collapse areas, micro- 
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TABLE 18.—METALLIC-ELEMENT 
ARGILLIC ALTERATION ASSOCIATED WITH 
URANO-ORGANIC MATERIALS 
(In per cent on basis of X-ray spectrographic data) 
A. Moss Back Sandstone east side of Temple 
Mountain collapse 
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B. Lopez Incline, South Workings, Calyx Mine area 








Fault | Fault Wall Wall 
Altered | Urano- fie 1 Macon 
sand- | organic a — 
| stone | ae | sand- organic 
} = 2 stone | ore 
ui, | 0.37 | 4.19 | 2.48 
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Mn — —_ | - —.x 
Se Bot & fw | 
As | — | —.x | —.x — 
V x} — }]—-—]-—- 
Cr | : = J 2 
Zn — | — -- Pe 
Fe ‘x x x ee 
* Contains chromium mica clay 
vermicular aggregate growths of kaolinite 
become common. In unaltered and _ nonore- 
bearing sediments, the 2M, mica-clay poly- 


morph has not been observed, and 2M, detrital 
muscovite flakes found along bedding appear 
to be breaking down to a 1M structure. The 
mica clay at Temple Mountain, which contains 
the 2M; polymorph, is believed to have been 
deposited by hydrothermal solutions accom- 
panying urano-organic ore deposition, on the 
basis of the hydrothermal synthesis of mica 
polymorphs by Yoder and Eugster (1955). 


The transition of 1M to 2M, mica polymorphs 
appears to occur between 200° 


C. and 350° C. 


DISTRIBUTION 


TEMPLE MOUNTAIN 
at 15,000 p.s.i. water pressure. 


the clay-forming elements is probably not onl 


the original interstitial material but also jp. 


cludes detrital feldspar replaced during th 
development of ore masses. 
Increased crystallinity of 


appears to be associated with an increase jp 
iron, as shown by the X-ray spectrograph 
Argillic alteration associated with ore in the 
Moss Back Sandstone may show 
tration of metallic elements locally char. 
acteristic of urano-organic ore (Table 18 
The concentration may be attributed to either 
of two processes: 


a concen- 


(1) Leaching of the ore and metallic elements sub 
sequent to deposition of both the ore and clays 

(2) “Absorption” of the metallic elements by the 
clays and precipitation accompanying the de. 
position during hydrothermal mineralization. 


Both leaching and absorption with precipi- 
tation may have been active in the Temple 
Mountain mining district. In some localities, 
the presence of sulfates intermixed with the 
clays, sulfate replacement of pyrite, and physi- 
cal characteristics of the ore indicate that 
leaching was responsible for the concentration 
of ore elements in the clays (Table 18, 
However, in other localities there is no direct 
evidence of significant leaching of the ore and 
associated metallic elements (Table 18, B) 

SILICATE REPLACEMENT: Silicification of logs 
is a common feature in the Chinle of the Colo- 
rado Plateau. However, this silicification 
occurred before the alteration accompanying 
mineralization of the Moss Back Sandstone. 
Silicification of the Moss Back Sandstone along 
the contact with the underlying Monitor 
Butte Member of the Chinle and within this 
member also occurs at a number of localities 
on the San Rafael Swell. 

At Temple Mountain, silicification along the 
lower contact of the Moss Back has been 
observed at the Vanadium King claims, Calyx 
Hole Mine No. 3, and near North Mesa No. 9 
It probably occurs in other places not noted 
The silica occurs as chalcedony and forms 
veinlets and nodular masses associated with 
concentration of urano-organic materials 
Urano-organic materials are found as irregular 
disseminations, nodular patches, and con- 
centrations in poorly defined and noncontinuous 
bands in the chalcedony (Pl. 6, figs. 1, 2) 
Most of the ore is later than the chalcedony, 
but it may be in part contemporaneous. The 


The sou Ice oj 


clays in nonore. 
bearing lower Chinle toward the collapse areas 
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MINERALS OF THE TEMPLE MOUNTAIN URANIUM AREA 


Unless otherwise indicated the minerals have been identified in this study. 


HYPOGENE MINERALIZATION 


Metallic mineralization 


Urano-organic material 


Uraninite 
Pyrite 


Marcasite 
Sphalerite 
Native arsenic 
(?) Arsenopyrite 
(?) Loellingite 
Montroseite 
Galena 

(?) Chalcopyrite 
(?) Covellite 


(?) Bornite 





Uranium hydrocarbon Kaolinite 
UO, Illite 
FeS. Chrome-bearing 
mica clay 
FeS, | Calcite 
ZnS Dolomite 
As Siderite 
FeAsS Hematitie 
FeAse | Jarosite 
V.03-H2O | Adularia 
PbS | Alunite 
CuFeS: Opal 
CuS (Gruner and Gardi- | Chalcedony 





Metatorbernite 
Zeunerite 
Carnotite 
Tyuyamunite 
Abernathyite 
Uvanite 
Rauvite 

(?) Uranospinite 
Corvusite 
Metahewettite 
Pascoite 
Pintadoite 
Erythrite 
Realgar 
Orpiment 
Gypsum 
Jarosite 
Alunite 
Copiapite 
Halotrichite 
Celadonite 
Brochantite 
Kaolinite 

Illite 

Calcite 
Magnesite 
Goethite 
Limonite 
Sulfur 


ner, 1952) 
Cu;FeS, (Gruner and | 
Gardiner, 1952) | 


SUPERGENE MINERALIZATION 


Cu(UO2)o( PO4)2-6-8Ho6 
Cu(UO,)2(AsO,4)2-8-10H2O 
K,0-2U0;- V20;-3H2O 
CaO-2U0;: V20;:3H:O0 
K2(UO»2)2(AsO4)2- 10-12H2O 
2U0;-3V20;°15H2O 
CaO-2U03;-5V20;-16H:O 
Ca(UO2)2(AsO4)2-8-10H2O 
V20,:6V20;-nH,O 
CaO-3V20;-11H2O 
2CaO-3V.0;-11H20 
2CaO- V,0;:9H2O 
Co3(AsO,4)2-8H2O 

As»So 

As3Se 

CaSO,-2H,0 

K2Fes(OH) i2(SO4)s 
KeAl6(OH)i2(SO4)4 
Fe,(OH)2(SO,)s 

FeSO,- (Al,SO,)3-24H2O 
Fe, Mg, K silicate 
CuSO,-3Cu(OH)» 

Al,O;- 2Si02-2HLO 





CaCO; 
MgCO; 

FeO(OH) 

Fe(O, OH)-2H.0 
S 


Alteration 


Al,O3-2Si02-2H2O 


CaCO; 
CaMg(CO;) 
FeCO; 

Fe,0; 
K2Fes(OH)12(SOu)s 
KAISi;Og 
KeAlg(OH)12(SOx)s 
SiO.-nH.,O 


| SiO» 


1952 
1952 
1952 
1952 


Gardiner, 
Gardiner, 
Gruner and Gardiner, 
Gruner and Gardiner, 
| Thompson ef al., 1956 

| Weeks and Thompson, 
Gruner, 1952 


and 
and 


Gruner 
Gruner 


1954 


1952 
1952 


Gruner and Gardiner, 
Gruner and Gardiner, 
Hess, 1922 
Hess, 1922 
Gruner and Gardiner, 


1952 


Hess, 1922 
Hess, 1922 
Hess, 1922 
Gruner and Gardiner, 1952 





| Hess, 1922 
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chalcedony replaces early interstitial alteration 
clays. The silica is believed to have been de- 
rived from detrital quartz replaced by urano- 
organic materials and alteration clays. 


TABLE 20. 
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Supergene Alteration 


Oxidation of the ore and associated metal 
minerals produced a large suite of secondar 


X-Ray DirFRACTION OF JAROSITE FROM THE CAMP Birp MINES 


(Cu/Ni) 


Associated with alteration about 
carbonaceous trash (diffractometer) 


d(A) It d(A) 

5.90 4\ saan 

5.71 6 ane 

5.06 10 5.08 
4.41 

4.247 aa 

3.646 1 3.62 

3.34 13** 

3.103 12 

3.07 16 3.06 

2.96 3 

2.864 5 2.84 

2.546 a 2.54 

2.453 * 

2.287 go 2.302 

2.246 = 

1.975 6** 1.97 

1.825 ig 1.86 

1.688 2** 

1.535 aaa 

1.509 2 

1.482 1 

1.373 ” al 





Associated with alteration about 
ore pod (microcamera*) 


Jarosite U.S.N.M.-R6299 
Warshaw (1956 


It d(A) I 
. 5.94 3 
; 5.74 2 
8 5.09 4 
lg 
Ig 3.65 1 

3.11 6 

10 3.08 10 

2.97 1 
1 2.87 2 
3 2.547 3 
4 2.292 5 
4 1.978 5 
1.941 2 
1.913 1 
3 1.823 5 
1.539 3 
1.512 3 
1.484 1 


* Separation of interstitial material gave strong ferric iron and sulfate tests chemically 


t Intensities relative 
** Quartz 


Small, irregular, nodularlike masses of opal 
and bands of chalcedony (PI. 6, fig. 3) are found 
in a few places in interstitial material in the 
collapse. Similarly, a concentric band of silica 
from replaced quartz is present in ore-bearing 
nodules (Fig. 18, D). Silicification along frac- 
tures in the collapse may extend several inches 
into the bordering sediments (Pl. 1, fig. 5). 

Small aggregate patches of carbonate are 
locally scattered through and mixed with the 
clay minerals in the Moss Back. Carbonate 
alteration is essentially insignificant in the ore 
horizon. 


minerals (Table 19). These minerals reflect 
the metallic composition of the ores and, it 
part, the distribution of metallic components 

Hydrous oxides of uranium and vanadium 
are present throughout the mining district. 
Carnotite and tyuyamunite are the most 
abundant. The others are present only in minor 
amounts locally. Concentrations of the second- 
ary vanadium minerals in the ore horizon ate 
more noticeable away from the collapse in the 
calyx mining area, particularly the South 
Workings. Above the ore horizon, the hydrous 
vanadium oxides are associated with ore i 
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X-Ray DIFFRACTION OF JAROSITE, 
TEMPLE MOUNTAIN 
(Diffractometer Cu/Ni) 


TABLE 21. 


Jarosite Karphoside- 
Temple Mountain) U.S.N.M. rite U.S.N.M. 
R6299 R6266t 
d(A) 1 | aA) | 1! aA I 
5.92 2 5.94 3 | 5.93 3 
5.676 2b| 5.74 2 Sse of 
5.562 Lae 5.56 | 3 
5.063 5 | 5.009 | 4 5.05 | 4 
4.247x | 2b] .... | es 
3.660 ib| 3.65 | 1 | 3.66 | 1 
3.444 | 1]... | | 3.48 | 1 
oe 1 TC... eer 
3.104 8 3.11 | 6 | 3.11 8 
3.067 10 3.08 10 | 3.06 | 8 
2.958 2b | 2.97 1 2.96 2 
2.837 2 2.870; 2 2.778 | 2 
2.540 3 2.547 3 2.526 | 2 
2.456x 2b 
2.327 re oe 
2.277x 3b} 2.202/ 5 | 2.228] 3 
2.125x | 1b | 
1.977 4b/; 1.978| 5 | 1.975 | 4 
1.931 1 | 1.941 2 | 
1.921 1 1.913 WF ccs 
1.893 1b 1.905 | 1 
1.826 4 1.823 5 | 1.830! 4 
1.819x 2 
1.744 1 “Several weak lines” 
1.717 1 
1.703 1 
1.648 1 
1.539x 2 _— ba er Ne 
1.535 2 1.539, 3 1.529} 1 


} 


ons00 SOOO Continued .... 





* Jarosite, Meadow Valley Mine, Pioche, Ne- 
vada. KFe;(SOs)2(OH)s (Warshaw, 1956) 

{ Karphosiderite, Greenland. Fe;(SO,).(OH); 
(H,O) (Warshaw, 1956) 

x—Quartz 


b—Broad 


the Wingate Sandstone. Uranium arsenates 
appear to be more abundant near or adjacent 
to the collapse area. Abernathyite, a new 
mineral, has been identified from the tongue 
of the collapse (Thompson ef al., 1956). The 
Writers tentatively identified uranospinite, a 
hydrous calcium uranium arsenate, near the 
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collapse at the Camp Bird mines on the basis 
of optical properties and X-ray diffraction. 

Occurrences of erythrite, realgar, and orpi- 
ment are scattered but seem to occur in greatest 
concentration near or within the collapse and 
faults. Considerable amounts of realgar and 
orpiment can be found at the Camp Bird mines. 

POSSIBLE LATE HYDROTHERMAL ALTERATION: 
Although paragenetic relations indicate that 
alunitization and jarositization occurred later 
than the ore, the distribution, particularly of 
jarosite, suggests deposition before other 
typical supergene minerals. 

Jarosite may be found in intimate mixture 
with the interstitial alteration clays bordering 
or within the collapse features and faults, or 
as nearly pure masses and veinlets associated 
with carbonized wood fragments and urano- 
organic materials near or within the collapse 
(Pl. 6, fig. 4). The occurrence with clays is 
similar to that noted for jarosite in California 
Tertiary argillites and sandstones (Briggs, 
1951) and for jarosite in Pennsylvania under- 
clays (Warshaw, 1956), where the extreme 
small size and mixture with other materials 
make mechanical separation and optical identifi- 
cation unreliable. However, X-ray-diffrac- 
tometer patterns of the clays at Temple Moun 
tain in a few cases show spacings representative 
of jarosite, and qualitative chemical tests ot 
these clays yield strong ferric iron and sulfate. 
X-ray microcamera patterns confirm the identi- 
fication of jarosite (Table 20). 

X-ray-diffractometer patterns of the purer 
material (Table 21) associated with organic 
substances indicate that the sulfate consists 
of a mixture of jarosite (“high” potassium- 
iron sulfate) and either karphosiderite (“low”’ 
potassium-iron sulfate) or natrojarosite, the 
sodic analogue of jarosite (Warshaw, 1956). 
X-ray-diffraction patterns of natrojarosite 
are similar to karphosiderite. The agreement 
of some spacings with karphosiderite and the 
presence of abundant iron qualitatively sug- 
gest karphosiderite rather than natrojarosite, 
particularly where the associated clays are 
high in potassium, not sodium. 

At the Camp Bird mines, slightly altered 
interstitial clays surrounding pyritized wood 
fragments contain few, if any, sulfates, whereas 
the extensively altered clays surrounding 
nonpyritized wood contain abundant mixed 
sulfate. In many casés pyrite constitutes the 
core of urano-organic nodules. Within the 
Moss Back collapse, where considerable al- 
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TABLE 22.—X-RAy-DIFFRACTION MEASUREMENTS 
OF FAINTLY TRANSLUCENT MATERIAL Asso 


CIATED 


Ore pod* | Ore podt 





Powder 
camera | 
| 
| 
d(A) | I 
— ae 
| 
! 
5.38} 7| 
4.82 | 8 
4.25 | 6 
3.98 | 1 
3.40 ‘ 
3.15 | 5 
3.04 | 1 | 
2.94 | 2 | 
| | 
| 
2.746 3 | 
2.690) 3 | 
| 
2.570 1 | 
| | 
2.441) 2 | 
| | 
| | 
| | 
2.269, 2 | 
| | 
2.120 1 | 
1.968 1 | 


811, 
674 
ae 
371 


Noe ee 


Li) 


Organic 

material 

in altera- 
tion 


WITH ORGANIC 
(Cu/Ni) 


MATERIALS 


Mineral possi- 
bilities 


Mica 
Kaolinite 
Jarosite 
Jarosite 
Orpiment 
Kaolinite 


| Mica 





| Jarosite, 


Micro- about ore 
camera pod** 
(nonore) 
Micro- 
| camera | 
d(A) | 1 | a(A)} 1 
10.4} 1| 
7.36} 11 7.1/1 
16.1 | 5 
| 5.0| 2 
4.81 | 10 
| | 4.45) 2 
4.33 | 1) 
| | 
Tr 
3.97 | 5 
3.63 | 5 | 3.63 1 
| 
| j 
| 
} 
| | 3.35) 6 
3.16 | 2 
3.04 1 | 3.07 6 
i | | 
2.97 | 1 | | 
2.842 5 | | 
2.7796) 
2.695, 7 | 
ee | 
2.555) 1 | 2.55) 5 
1 | | 
2.435) 7 | | 
2.3501) | 
on 1 | | 
| | 
2.202) 1 | | 
| 
2.1181} | 
2.073, 2 
012) 1 | 
1. 2 


Quartz 
Orpiment 
Jarosite, 
linite, 
tite 
Quartz 
Jarosite 
Orpiment 


kao- 
hema- 


orpi- 
ment 
Arsenic 
Orpiment 
Arsenic 
Orpiment, 
atite 
Jarosite, 
ment, 
tite 
Quartz, 
ment 
Unknown 
Orpiment 
Quartz 
Jarosite, 
tite 
Orpiment 
Orpiment, 
atite 
Orpiment, quartz 
Orpiment 


hem- 


orpi- 
hema- 


orpi- 


hema- 


hem- 


| Quartz 


Quartz 
Quartz 
Quartz 


teration is evident, nearly pure jarosite make 
up the core of nodules. Petrographic stud 
indicates that the iron and sulfate were derived 
from the pyrite associated with the organi 
materials in these cases. Near or within the 
collapse, the concentration of mixed jarosite 
increases where there is an increase in concen. 
tration of alteration clays toward the ore zone; 

The mechanism for the production of jarosite 
at Temple Mountain is similar to that pr. 
posed for the jarosite in the underclays oj 
Pennsylvania (Warshaw, 1956). Oxidation oj 
pyrite associated with organic materials under 
acidic conditions took place locally near col- 
lapse features and faults. The solutions were 
most acid near the sulfide concentrations 
(Merwin and Posnjak, 1937). Away from the 
oxidizing pyrite, the acidity was lowered by 
dilution and reaction of the acid solutions with 
alkalies, particularly illite. Deposition of the 
basic ferric sulfate occurred within the clay 
masses. Development of the gossan zone (Kerr, 
Bodine, Kelley, and Keys, 1957) in upper 
Chinle and lower Wingate at the collapse may 
represent the final stage in the oxidation of 
pyrite concentrations. Under alkaline con- 
ditions, final deposition of iron in the form of 
limonitic goethite occurred. 

Jarosite is present in only minor amounts 
outside of the collapse, and these occurrences 
are generally near or within faults. However, 
pyrite is nearly as abundant outside of the 
collapse as within it. The abundance of jarosite 
bordering and within the collapse suggests 
that the mineral formed during the last stages 
of hydrothermal alteration after deposition oi 
ore and associated metallic elements. Hutton 
and Bowen (1950, p. 560-561), for example, 
consider that the jarosite in pneumatolyticall) 
altered volcanic rocks in California “. . . may 
represent the very latest or hydrothermal 
phase of the long and varied sequence 4 
crystallization and metasomatism. . .” 

Goethite replacement of the lower Wingate 
is common near the collapse. Tentatively 
identified goethite, intimately associated with 
the Moss Back ore near or within the collapse 
may have formed during the period of develop: 
ment of jarosite from oxidation of iron in the 
urano-organic material (Pl. 5, fig. 6). 


* Ore pod: Mostly orpiment and quartz, min 
jarosite or alunite and arsenic. 

t Ore pod: Mostly orpiment with minor jarosite 
kaolinite, mica, arsenic, and possibly hematite 
mobile materia 


** Nonradioactive organic 


Mostly jarosite and kaolinite. 
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INTIMATE MINERAL MIXTURES ASSOCIATED 
WITH THE ORE: Many small, poorly defined 
patches along the edges of masses of organic 
material are composed of intimate mixtures of 
secondary minerals. These mixtures are most 
prevalent near the collapse area. In thin sec- 
tion, these areas are irregularly and faintly 
translucent. On polished surfaces, they may 
be distinguished from the opaque gray organic 
ore by irregular faint anisotropism and in a 
few cases by slight yellowish to reddish- 
brown internal reflections. X-ray-diffraction 
patterns of patches associated with the ore at 
the Camp Bird mines contain fine mixtures of 
orpiment with minor amounts of jarosite, 
kaolinite, mica, arsenic, and possibly hematite 
(Table 22, footnote 2). Patches associated with 
nonuranium-bearing petroliferous materials 
lack the arsenic compounds and are composed 
of fine mixtures of jarosite and_ kaolinite 
(Table 22, footnote 3). 

The abundance of these mixtures near the 
collapse and their association with considerable 
jarositization in the vicinity of the collapse 
area suggest that they represent post-minerali- 
zation hydrothermal activity. 

In summary, most of the jarosite and some 
of the secondary arsenic sulfides, alunite, and 
clays may represent a late hydrothermal phase 
after deposition of the ore. Late weathering 
and downward percolating ground water, 
however, yielded the large suite of supergene 
minerals; the source of the metallic elements 
was the urano-organic ore and associated 
metallic minerals. 


CONCLUSION 


The writers believe that evidence favors 
the emplacement of uranium ore at Temple 
Mountain by hydrothermal solutions: 


1) A rough zonal relation in the Moss Back in- 
volves metallic trace elements in the ore, metal- 
lic minerals, and alteration. Arsenic, cobalt, 
and selenium are present near or within the 
collapse (or certain faults), whereas uranium, 
zinc, and vanadium appear to increase away 
from the collapse. 

) The greatest known vertical spread of minerali 

zation occurs at the collapse area. 

The sediments are most highly altered around 

the collapse. 

The solution of carbonate at depth and redepo- 

sition in large masses of dolomite above, coupled 

with the increase in marcasite at depth near and 
within the collapse, indicate a change in the ris- 
ing solutions. Neutral to slightly acidic condi- 


NR 


(3 


(4 


tions prevailed from the lower Chinle downward, 
and neutral to slightly alkaline conditions pre- 
vailed from upper Chinle upward. 


In addition to the migration pattern of the 
mineralizing solutions, the mineralogy of the 
ores suggests temperatures in the vicinity of 
200°C. Considering a geothermal gradient of 
about 5°C. per 1000 feet of sediments under an 
approximate load of 10,000 to 12,000 feet, an 
estimated minimum of 50°C. above normal 
surface temperatures should have existed. 
An upper limit would probably be established 
by the argillic alteration of about 350°C. 
to 400°C. In determining a likely temperature 
within this range, several features indicate 
temperatures above those normally attributed 
to circulating ground waters: 


(1) Native arsenic apparently would be deposited 
at elevated temperatures about 300° C. Re- 
corded occurrences and the probable conditions 
of deposition in the presence of iron and sulfur 
confirm this conclusion. 

The abundance of the 2M: mica polymorph in 
alteration mica clays toward the collapse and 
deposits of ore in the Moss Back (Kelley and 
Kerr, 1957) suggest temperatures in the vicinity 
of 200° C., on the basis of synthetic mica ex- 
periments (Yoder and Eugster, 1955). 

(3) The deposition of large replacement masses of 
replacement dolomite near the collapse would 
probably result from solutions having elevated 
temperatures (Bodine, 1956). 

The writers believe that induration of the or- 
ganic material occurred under the influence of 
heat and the action of solutions rather than by 
radioactive polymerization. 


(2 


~~ 


(4 


~~ 


Field observation and laboratory data sug- 
gest a progressive development of ore masses. 
Initially weak mineralizing solutions infil- 
trated permeable sediments. The interstices 
between sand grains were filled and the cement 
was replaced. This was accompanied by ex- 
traction of uranium from solution and coagula- 
tion of the immiscible hydrocarbon present as 
an interstitial film. The hydrocarbon formed 
either as small stringers and interstitial dis- 
seminations or as nodules. As the strength of 
the mineralization increased, more uranium 
was extracted, and coagulation increased; 
the hydrocarbons coalesced to form larger 
nodules and patches, which in turn eventually 
formed large patches of massive ore. Replace- 
ment of the sedimentary grains and previous 
interstitial alteration products occurred. Py- 
rite present was slowly replaced. Some 
concentric banding of the hydrocarbons and 
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associated metallic elements developed as the 
intensity, composition, and quantity of the 
mineralizing solutions varied through time. 
Coagulation of colloidally dispersed minor 
amounts of precipitating pitchblende and other 
metallic minerals accounts for their irregular 
distribution in the uranium hydrocarbon. 
Finally, induration of the hydrocarbon oc- 
curred, accompanied by some volume loss 
compensated by contraction fissures which were 
later filled by alteration products. 

Miller’s study of the chemical environment 
of pitchblende (1955b) suggests that sulfur, 
in the form of sulfide or sulfite, may be im- 
portant as a precipitant of pitchblende. The 
association of pre-ore pyrite with the ore at 
Temple Mountain suggests that sulfur may 
have facilitated the extraction of uranium from 
mineralizing solutions and perhaps determined 
in part the distribution of the immiscible 
coagulating hydrocarbon. Possibly some of the 
contemporaneous and post-ore sulfide (pyrite) 
represents reduction of sulfate solutions and 
attendant oxidation of the hydrocarbons, as 
postulated by Ginter (1934). It is reasonable to 
infer that warm, slightly acid sulfate solutions 
carrying uranyl-ion decarbonitized the Chinle 
and lower sediments;-when it came in con- 
tact with hydrocarbons and sulfides, the 
uranium was extracted from the solution, the 
sulfate oxidized the hydrocarbons in part to 
carbonate and in turn was reduced to sulfide. 
The reduction that attended oxidation of the 
hydrocarbons resulted in the formation of the 
native arsenic, montroseite, sphalerite, and 
uraninite associated with the ore. The in- 
duration of the hydrocarbons was accomplished 
by polymerization and oxidation of the hydro- 
carbon by heated solutions. 

Heat and oxidation conditions must have 
persisted after completion of the alteration and 
mineralization cycle to cause induration of the 
initial post-ore hydrocarbons, to form the 
asphalt of Temple Mountain, and to produce 
abundant jarosite and some minor arsenic 
sulfides near the collapse area. 

The lack of variety and scarcity of the 
metallic elements in the ores at Temple Moun- 
tain is a feature of the relatively barren upper- 


most (hot-spring) portion of hydrothermal 


vein systems in general. The pattern of al- 
teration surrounding the collapse corresponds 
to that proposed by Schmitt (1950a; 1950b) 
for epithermal mineral deposits based on hot- 
spring areas. It consists of a basal CO, leaching 
phase, medial potassic and sodic phases, and 
an upper sulfide-sulfate phase. In view of the 


location of argillic alteration with respect | 
the main ore at Temple Mountain, Schmitt’: 
(1950b, p. 199) statement is significant: “}; 
may be found that ‘epithermal’ ore depositig: 
is usually just above (or to one side of) th 
hypogene clay zone and presumably associate 
with a sericitic-quartz or potassic phase 
The peculiar collapse and the form of thi 
structure are similar to the conelike or wedge. 
like upward flares of channel structures jr 
hot-spring areas. 

Most of the metallic elements associated with 
the ore at Temple Mountain have been foun 
in minor amounts locally in hot-spring areas 
Arsenic and jarosite deposits associated with 
hot springs have recently been summarized by 
White (1955). In general, the Temple Mou. 
tain collapse is suggestive of a fossil hot-spring 
region. The considerable amount of silica dis 
solved during the carbonate replacement | 
Wingate must have made siliceous deposits 
above the Wingate of extent comparable t 
those at hot springs. A warm-spring are: 
bordering the San Rafael River in the north 
east portion of the swell has been reported t 
have above normal concentrations of uraniun 
in solution, which is not only depositing 
siliceous sinter and sulfates but appears to ly 
carrying hydrocarbons. 

At the Little Joe Claims along the wes 
side of the swell, urano-organic ore is localize 
along a large fault zone which has an associate 
collapse structure and a radioactive warm 
spring. Near the small urano-organic ore de 
posits at Calf Mesa at the north end of th 
swell is a nonuranium-bearing fossil hot-spring 
deposit in the Moss Back Sandstone, con 
taining sulfide pipes. Small crystals of sulfur ar 
scattered in hydrocarbon-sulfate saturate 
sandstones above the pipes. In the ore a! 
Calf Mesa, somewhat similar sulfide pipes at 
locally present and contain urano-organl 


material. The considerable amount of sulfide 


associated with the ore have formed, upo 
leaching, an unusual occurrence of secondar 
iron minerals. 

In speaking of epithermal quicksilver 
posits associated with many hot spring 
Lindgren (1933, 464) states: 


“A scant association of ore minerals characteriz 
these deposits. Besides cinnabar and a few secondar 


minerals, they contain almost invariably pyrite” 


we have 
quartz 


marcasite... Among gangue minerals 

predominatingly opal, chalcedony, and 
also calcite and dolomite. .. Replacements of 4 
joining country rock by dolomitic carbonates 
by opal are common. . . Hydrocarbons are freque! 
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In conclusion, the urano-organic ore at 
Temple Mountain is considered to have re- 
sulted from epithermal mineralization of hot- 
spring type. Solutions were introduced into the 
ore horizon at the collapse, and to a lesser 
extent, along faults or fractures. Away from 
these channels, evidence of hydrothermal 
activity diminishes. The principles of carbonate 
alteration (Bodine, 1956) and the features of 
argillization (Kelley and Kerr, 1957), to- 
gether with the occurrence of sulfates and 
zonal elemental distribution, may be widely 
applicable to the determination of centers of 
uranium mineralization elsewhere on _ the 
Colorado Plateau. It is significant that uranium 
mineralization is relatively sparse at these 
centers but may be more abundant near by. 
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PRECAMBRIAN CLASSIFICATION AND CORRELATION IN 
THE CANADIAN SHIELD 


By M. E. WILson 


ABSTRACT 


Grout et al. (1951) concluded that the Precambrian formations of Minnesota were 
deposited during three eras which they named Earlier, Medial, and Later; and James 
(1955) proposed Lower, Middle, and Upper divisions for the Precambrian of northern 
Michigan. These threefold classifications apparently are meant to replace the dual 
classification so long in use in the Lake Superior region and although possibly not so 
intended imply by the use of the word Precambrian that they are applicable to the 
whole Canadian Shield. Although there is much too little information as yet for certainty, 
probably not more than one recognizable major unconformity is sufficiently extensive in 
the shield to permit the division of Precambrian time into more than two eras by means 
of stratigraphical investigation. 

Only a tentative dual classification of the rocks of the shield according to their rela- 
tionship to the great unconformity beneath the (Huronian) Cobalt Series on Lake 
Timiskaming has been attempted. Formations beneath this unconformity in the Timis- 
kaming and Grenville subprovinces and less positively in the north or northwest sub- 
province are classed as Archean (Early Precambrian), those above as Proterozoic (Late 
Precambrian). Rocks in the northern part of the shield are either assigned on lithological 
and structural evidence to the Archean or Proterozoic or are unclassified under the 
designation Archean and/or Proterozoic. In places, the Archean classification of forma- 
tions has been confirmed by physicochemical age determinations of minerals. 

The Canadian Shield is divided by geographical and geological barriers into provinces 
and subprovinces. The subprovinces delimit the territory to which direct serial cor 
relations can be extended with reasonable certainty. At the present the use of most serial 
names in more than one subprovince is unwarranted. 
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INTRODUCTION 


This paper is a discussion of two major 
problems: (1) into how many divisions ac- 
cording to age can the formations of the 
Canadian Shield, as a whole, be best classified; 
and (2) over what extent of territory can 
Precambrian rock series be correlated with 
reasonable certainty? Because most Pre- 
cambrian sediments and volcanic rocks are 
highly folded, and because most geological 
mapping has been too general for the deter- 
mination of structure, much of the informa- 
tion for the final answers to these questions 
is not known; yet the answers must be based 
on reasonably certain data, and they must 
be practicable. Although most of the folded 
surficial rocks of the shield have structures 
from which the tops of beds or lava flows can 
be determined, structural mapping by means 
of these requires such detailed work that 
it will be many years, even in the more easily 
accessible southern part of the shield, before 
the succession of formations will be fully 


known. 


DETERMINATIONS OF AGE BY 
PHYSICOCHEMICAL METHODS 


Age determinations of minerals by physico- 
chemical methods may eventually be of con- 
siderable assistance in the classification of 
rocks in the Canadian Shield, but at present 
they confront the geologist with the following 
problems: 

(1) Some of the methods of age determina- 
tion proposed have scarcely passed beyond 
the speculative stage. Geologists, therefore, 
except where the determination conflicts 
with the geology, are compelled to distinguish 
between those methods that are hypothetical 
and those that seem to be scientifically estab- 
lished. 

(2) With the possible exception of sedi- 
ments containing glauconite (Cormier, 1957), 
a mineral uncommon in the Precambrian, 
the methods of age determination so far 
proposed are assumed to indicate not the 
time of deposition of surficial rocks but the 
dates of formation of minerals, most of which 
are believed to be related in origin to mountain 
building. For this reason, physiocochemical 
datings may supplement but not replace 


stratigraphy in determining the major geo- 
logical divisions of the Canadian Shield. 

(3) In Paleozoic and later rocks, presum- 
ably because of the effect of uplift on the extent 
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of the continental shelf, a relationship exists 
between orogeny and major changes in fossj 
life. In the Precambrian the absence of fossils 
makes structural unconformities and relate; 
mountain building of even greater importance 
in classification. Reliable age determinations 
of mountain building in the Canadian Shield 
could, therefore, be of great assistance jp 
correlation. 

(4) In many parts of the shield conglom. 
erate containing granitic boulders is intruded 
by granite and in a few places (Lawson, 1913, 
p. 4; Henderson, 1937, p. 13-18; Lord, 1942 
p. 17) rests unconformably on granite; these 
relations prove the existence of two ages of 
mountain building separated by prolonged 
erosion. In such places the last mountain 
building may destroy the physicochemical 
evidence of the older uplift, so that only the 
age of the later orogeny can be determined, 
For this reason some of the Early Precambrian 
rocks of the shield are possibly much older 
than the oldest age determinations. This 
situation exists on the Huron Claim in south- 
east Manitoba, where uraninite-bearing peg- 
matite intrudes andesite (De Lury and Ells 
worth, 1931, p. 569) of the Rice Lake Series 
(Moore, 1912, p. 264) which also contains 
beds of conglomerate including boulders of 
granite (J. F. Wright, 1932, p. 11-12; Stock- 
well, personal communication). 

Another item related to problem (4) is 
the time interval indicated by intertectonic 
erosion. In folded belts of post-Precambrian 
age, as noted by Gilluly (1949, p. 561-574), 
mountain building may recur at relatively 
short intervals. In contrast with this, however, 
regions that intervene between folded belts, 
as for example the interior plains and_ the 
Canadian Shield of North America, are under- 
lain in most places by unfolded Paleozoic 
and later formations or by Proterozoic rocks 
that have not been mountain built. Where 
granitic intrusions associated with belts of 
folding occur in separate regions as_ those 
related to the Taconic (Alcock, 1947, p. 132), 
Acadian (Alcock, 1947, p. 133; 1948, p. 8-9; 
Billings, 1945, p. 55-56), and Appalachian 
(Barrell, 1915, p. 33-34; Billings, 1946, p. 
1277) revolutions, their difference in age is 
determined by the fossils of the rocks they 
intrude; in the Precambrian, where fossil are 
absent, the different age of the intrusions 
would not be evident, and they would all be 
classed together as parts of a single orogeny. 
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CLASSIFICATION OF FORMATIONS IN THE 
CANADIAN SHIELD 


Classifications Proposed 


Classifications into two, three, or four 
major subdivisions have been proposed locally 
for the formations of the shield, but only the 
dual classification has been attempted for 
the shield as a whole. The names of the eras, 
systems, or major divisions used are as follows: 

(1) Laurentian and Huronian (Logan and 
Hunt, 1855): This classification was not 
based, as some erroneously have assumed, 
on the succession of formations on the north 
shore of Lake Huron but on Logan’s observa- 
tions on Lake Timiskaming, where unfolded 
(Huronian) “slate conglomerate”, now called 
Cobalt Series, rests with great unconformity 
on granite (Logan, 1863, p. 50). 

(2) Archean and Algonkian: Irving (1888, 
p. 450) suggested that the name Archean 
(Dana, 1872, p. 253), which up to that time 
had included all the Precambrian, be restricted 
to the Laurentian “gneissic basic terrane’’, 
and that an “entirely new term of equal 
rank with Palaeozoic and Archean be intro- 
duced to cover the formations between the 
gneissic series and the Cambrian”. Following 
this proposal of Irving the geologists of the 
United States Geological Survey chose the 
term Algonkian (Powell, 1890, p. 66) for the 
new era (Wilmarth, 1924, p. 103). 

(3) Loganian, Temiskamian, Animikean, 
and Keweenawan: Miller and Knight (1913, 
p. 126) proposed these names for a fourfold 
classification of the Precambrian rocks of 
Ontario and the adjacent parts of Manitoba 
and Quebec. They concluded that three major 
unconformities—the pre-Temiskaming, the 
pre-Animikie, and the pre-Keweenawan—ex- 
tended throughout this region. 

(4) Archean and Proterozoic: The attempt 
to identify the Laurentian and Huronian of 
Logan on Lake Timiskaming throughout the 
Canadian Shield during the exploratory period 
that continued to 1903, when the silver- 
bearing veins of Cobalt were discovered, 
went so far amiss (Van Hise, 1908, p. 6-7; 
M. E. Wilson, 1939, p. 294-295) that these 
names were almost abandoned in Canada, 
and for more than 30 years major time divi- 
sions were omitted from the legends of most 
Precambrian maps published by the Geologi- 
cal Survey of Canada. Commencing in 1913, 
however, the writer divided the rocks of the 
Grenville region into Early and Late Pre- 


cambrian parts, and in 1917 (p. 23) W. H. 
Collins in the Lake Huron-Lake Timiskaming 
region used Huronian and pre-Huronian. 
The rocks of the shield were also divided into 
Early and Late Precambrian in the 1924 
edition of the geological map of Canada 
(Young, 1924). In 1934, a committee of the 
Royal Society of Canada on stratigraphical 
nomenclature recommended that Precambrian 
time be divided into two eras and that the 
names of the eras by Archean and Proterozoic 
(Alcock, 1934, p. 119; Van Hise and Leith, 
1909, p. 20). These recommendations were 
adopted at meetings of the Precambrian 
geologists of the Canadian Survey on January 
30 and February 2,! 1935; since that time the 
dual classification has been used in the legends 
of most geological maps issued by the Geo- 
logical Survey of Canada, but up to 1942, 
Early and Late Precambrian were added in 
brackets after Archean and Proterozoic, re- 
spectively. In the third report of the American 
Commission on Stratigraphic Nomenclature 
(Harrison, 1955), “it is recommended that 
the major divisions of Precambrian time, 
approximately equivalent to eras, be known 
simply as Early and Late Precambrian’. In 
the comments of the commissioners that fol- 
low, however, Stockwell advocates the reten- 
tion of the names Archean and Proterozoic. 
(5) Earlier, Medial, and Later Precambrian 
eras: These time divisions of the Precambrian 
were suggested by Grout ef al. (1951, p. 1021) 
for the Precambrian of Minnesota. The rocks 
assigned to the three eras were: 

Earlier Precambrian—Keewatin volcanic 
rocks, Soudan Iron Formation Member, 
and pre-Knife Lake batholithic intrusive 
rocks 

Medial Precambrian—Knife Lake Group 
and Algoman batholithic intrusive rocks 

Later Precambrian—Animikie and Keween- 
awan 

(6) Lower Precambrian, Middle Precam- 

brian, and Upper Precambrian: These major 
classification titles recently put forward by 
James (1955, p. 1459) for the pre-Huronian, 
Huronian, and Keweenawan of northern 
Michigan, although almost the same as those 
of Grout e¢ al., are, in part at least, according 
to the usual correlations between the two 
regions, differently applied. 

James and Grout ef al. presumably propose 

the substitution of a threefold classification 


1 The writer is indebted to T. L. Tanton for the 
exact dates. 
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for the dual names, Archean and Algonkian, 
so long in use in the Lake Superior region 
(Van Hise and Leith, 1911, p. 598). 


Pre-Cobalt Series Unconformity 


General statement.—The standard of refer- 
ence for the dual classification of the rocks of 
the shield is the rock succession on Lake 
Timiskaming where the Huronian of Logan, 
the Cobalt Series, rests with great unconformity 
on granite (G. A. Young, personal communica- 
tion, 1934). The immensity of this uncon- 
formity is indicated by: (1) the structural 
contrast between the normally almost flat 
Cobalt sediments and the underlying highly 
folded Timiskaming and older formations; 
and (2) the great areal extent of granite 
beneath the unconformity indicating deep 
erosion. 

Age of Grenville Series —Except for some 
igneous intrusions all the rocks occurring 
in the Grenville subprovince are assigned 
to the Archean. The relationship of the Gren- 
ville Series to the pre-Cobalt Series uncon- 
formity has recently been described by the 
the writer (1956, p. 1423), and only three 
items are mentioned here: (1) The discovery of 
abundant boulders of granite in conglomerate 
of the Hastings Series near Kaladar, Ontario, 
by Harding (1942, p. 65-66) shows that moun- 
tain building and granitic intrusion followed 
by deep erosion intervened between the 
Hastings and pre-Hastings rocks. (2) In the 
Lake Kipawa-Lake Timiskaming region, meta- 
morphosed sediments of the Grenville, or 
possibly the younger Hastings Series, are 
intruded by potassic granite overlain uncon- 
formably by conglomerate of the Cobalt 
Series. (3) The igneous intrusions of Pro- 
terozoic age in the Grenville subprovince 
include a mass and dikes of lamprophyre in 


the Buckingham district, Quebec (M. E. 
Wilson, 1913, p. 205; Dresser and Denis, 
1944, p. 180); dikes of diabase or gabbro, 


notably in a parallel swarm adjoining the 
north side of the lower Ottawa River, in Quebec 
(M. E, Wilson, 1925, p. 397); stocklike masses 
of granite, syenite, and quartz syenite por- 
phyry, at Grenville, Quebec (Logan, 1853, 
p. 29-33; M. E. Wilson, 1917, p. 22-23; 1925, 
p. 397; Osborne, 1934), and at Rigaud, Ontario 
(LeRoy, 1901; Osborne, 1934); and possibly 
the Killarney granite north of Lake Huron 
(Collins, 1916; M. E. Wilson, 1956, p. 1422). 
Uranium-bearing minerals occur in widely 


scattered localities in the Grenville sub 
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province, but the most common of these, and 
possibly the most reliable for age determina. 
tion, are uraninite and uranoan_ thorianit; 
found either in pegmatite or pegmatitic 
contact zones. In the western part of the 
subprovince, uraninite or uranoan thorianite 
has been discovered in 12 districts within q 
belt extending for more than 200 miles from 
the east shore of Georgian Bay to Villeneuve 
Township, in the Laurentian highlands of 
(Quebec north of Ottawa. Uraninite in peg. 
matite also occurs at Lac Pied des Monts. 
near Murray Bay, Quebec, and in the McLear 
pegmatite, near Richville Station, St. Lawrence 
County, New York. 

The age of the uraninite from six occurrences 
in the western part of the Grenville subproy- 
ince as determined from chemical analyses 
prior to 1939, ranged from 985 to 1204 miilion 
years. The average age was 1088 million years 
(Table 1). For these it was assumed that the 
amount of common lead present was negligible 
The age of the uraninite or uranoan thorianite 
from eight districts in the same western zone, 
determined since 1939 using the mass spectro- 
graph to ascertain the content of the lead 
isotopes, range from 960 to 1310 million years 
but the average age, 1094 million years, is 
practically the same as that determined by 
the older method using chemical analyses 
only (Table 2). The single exception to the 
average age of 1094 million years for the 
uraninite in the western part of the Grenville 
subprovince is that of the Besner property, 
in Henvey Township, Parry Sound district 
at the northeast extremity of Lake Huron 
Three chemical analyses of this uraninite by 
Ellsworth (1932, p. 105) gave it an average 
age of 806 million years. Later determinations 
from lead isotopes or from lead isotopes com- 
bined with chemical analyses indicate that 
the uraninite has a maximum age of 940 and 
an average age of 843 million years (Table 2 
Ellsworth stated (1931, p. 578; 1932, p. 103; 
personal communication), however, that the 
uraninite is altered. There are therefore twé 
possible explanations for its apparent younger 
age: (1) the pegmatite in which the uraninite 
occurs is a Late Precambrian intrusion, 9 
(2) the age determinations of the uraninite 
because of alteration are geologically erroneous. 
The preponderance of favors the 
last alternative. 

The average age of more than 1050 million 
years for the uraninite in the western part of 


evidence 


the Grenville subprovince is presumably als 
the approximate age of both the pegmatite 
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in which it occurs and the post-Hastings or 
(ttawa mountain building to which the peg- 
matite is probably related, but it is not the 
age of the Hastings or the rocks that have been 


Locality Ages 
Conger Township, Ontario 1077. 1077 1019 
Butt Township, Ontario 1045 1037 1045 
Cardiff Township, Ontario 1100 1195 
1050 
1127 
1204 1110 
1116 1100 
1137 1142 
March Township, Ontario 1150 
Derry Township, Quebec 1057 
Villeneuve Township, 1100 
Quebec 
1100 1117 
Average 
Lac Pied des Monts, 1130 
Saguenay district, 
Quebec 
Richville Station, St. | 1094 
Lawrence County, New 
York 
Henvey Township, Ontario 835 792 792 


called Grenville Series, for these may have 
been deposited hundreds of millions of years 
before the mountain building occurred. The 
ages of the uraninite so far discovered in the 
Grenville subprovince indicate that all these 
occurrences are probably related to a single 
Archean orogeny. The presence of 
abundant boulders of granite in the basal 
Hastings conglomerate shows, however, that 
an earlier pre-Hastings orogeny followed by 
deep erosion also occurred in the region. 
Pre-Cobalt Series unconformity in the 
Timiskaming and Southern subprovinces.—The 
original Cobalt Series in the Lake Timiskaming 
region, except where faulted, lies horizontally 
vt with low angles of dip upon the highly 
folded older formations and the igneous rocks 


by which these are intruded. This pre-Cobalt 


Series unconformity has been correlated with 
that beneath the Chibougamau Series 300 
miles northeast (Barlow et al., 1911, p. 121-122; 


“4, 


Retty, 1929, p. 57-58; Mawdsley and Norman, 


late 
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1935, p. 41-48). In the territory southwest 
from Lake Timiskaming, W. H. Collins (1937) 
concluded that the rocks north of Lake Huron 
mapped as Huronian by Murray (1847) form 


TABLE 1.—AGE OF URANINITE IN THE GRENVILLE SUBPROVINCE FROM CHEMICAL ANALYSES 


References Averages 


Ellsworth (1932, p. 105) 1057 
Ellsworth (1932, p. 105) 1028 
Ellsworth (1932, p. 105) 
Todd (in Walker 1924, p. 43-44) 
Wells (in Baxter and Bliss, 1930) 
Hecht and Rohrig (in Shaub, 
1940, p. 484) 
| Alter and Kipp (1936, p. 126) | 
Hecht and Kroupa (1937, p. 56) 1128 
Ellsworth (1932, p. 106) 1150 
Ellsworth (1932, p. 105) 1057 
Hillebrand (1891, p. 390) 
Ellsworth (1932, p. 105) 1108 
1088 
Ellsworth and Osborne (1934, 1130 
p. 424) 
Shaub (1940, p. 485) 1094 
Ellsworth (1932, p. 105) 806 
two sedimentary groups, the Bruce Series 


and the Cobalt Series, separated by an ero 
sional unconformity. He also concluded that 
the Bruce Series thins out toward the north- 
that the pre-Cobalt Series 
interval in the Timiskaming region represents 
a union of two unconformities; but the pre- 
Bruce (pre-Huronian of Murray) unconformity 
many years before had been correlated (Irving, 
1887, p. 214-216; Pumpelly and Van Hise, 
1892, p. 226-231) with that below the Mar- 
quette and similar Huronian groups in the 
region south of Lake Superior. Thus it seemed 
to be established that the pre-Cobalt Series 
unconformity extends for more than 900 miles 
from the Penokee district in the 
subprovince to Lake Chibougamau 


east, so erosion 


southern 


at the 


northeast end of the Timiskaming subprovince. 
The recent work of Thomson (1953, p. 18) in 
the Sudbury district, however, indicates a 
possible change in the succession of formations 
in the region north of Lake Huron, for fol 
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lowing a detailed examination of Baldwin 
Township, southwest of Sudbury, he suggests 
that the rocks of that area resemble the Timis- 
kaming and concludes that ‘This study has 


A considerable number of physicochemical 
age determinations of pitchblende (C. B. 
Collins e¢ al., 1954, p. 9), galena (Cumming 
et al., 1955, p. 59-62; Shillibeer and Cumming, 


TABLE 2.—AGE OF URANINITE OR URANOAN THORIANITE IN THE GRENVILLE SUBPROVINCE FROM Lfap. 
Isotope, LeAp-IsoropE-URANIUM, OR LEAD-IsoTOPE-THORIUM RaTIOs 


Ages 


Conger Township, Ontario 1003 1030 
993 995 1000 
1050 
Butt Township, Ontario 960 980 1020 
1150 
Cardiff-Monmouth Town- | 1035 1077 
ships, Ontario (Wilber- | 1025 1032 1090 
force) | 1040 1100 
| 1002 1020 1026 
| 1045 
Faraday Township, Ontario | 1045 
| 
Dungannon Township, On- 1045 
tario 
Bathurst Township, Ontario | 1310 
| 1080 
Huddersfield Township, | 1190 
Quebec 
Wakefield Township, Que- 1090* 
bec 
Average 
Lac Pied des Monts, Sague- | 920 
nay District, Quebec 882 905 
950 970 1000 
Henvey Township, Ontario 765 825 787 
(Besner mine) 860 770 800 
845 940 





* Not corrected for Pb™ 


shown that Collins’ stratigraphic sequence in 
the eastern part of the north shore of Lake 
Huron is open to question because it is in- 
correct in one of the key townships along 
this sedimentary belt”. Notwithstanding the 
possible changes that may result from the 
new, more detailed work of Thomson and his 
associates, it is reasonably certain that the 
pre-Cobalt erosion interval is present some- 
where in the Precambrian succession of the 
Lake Huron-Sudbury area and in the region 
south of Lake Superior. 


References Average 


Nier ef al. (1941, p. 113) 
Wasserburg et al. (in Faul, 1954, p. 274) 
Shillibeer and Cumming (1956, p. 60) 1012 
Shillibeer and Cumming (1956, p. 59) 
1027 
Nier (1939b, p. 159) 
Collins et al. (1952, p. 23) 
Collins et al. (1954, p. 10) 
Wasserburg and Hayden (im Faul, 1954 
p. 274) 
Wanless (Personal communication) 
Robinson and Sabine (1955, p. 631) 1045 
Wanless (Personal communication) 
Robinson and Sabine (1955, p. 631) 1045 
Wanless (Personal communication) 
Robinson and Sabine (1955, p. 631) 1045 
| Cumming ef al. (1955, p. 51) 
| Shillibeer and Cumming (1956, p. 58) 1195 
| Wanless (Personal communication) 


Robinson and Sabine (1955, p. 631) 1190 
Wanless (Personal communication) ns 
Robinson and Sabine (1955, p. 631) 1090 

1094 


| Muench (1939, p. 2742) 
Nier (1939b, p. 159) 


Cumming ef al. (1955, p. 56) 938 
Nier (1939b, p. 159) 
Cumming et al. (1955, p. 52) 824 


1956, p. 66-70), uraninite-bearing ores (Stieff 
et al., 1956), and micas (Wetherill ef <i. 
1957) in the Timiskaming subprovince have 
been recorded in recent years, but so many 
of these are variable for mineral occurrences 
of the same type or are so much at variance 
with geological evidence (Lang, 1952, p. 23) 
or are designated anomalous that their relia- 
bility is doubtful. In western Quebec east 0 
the Quebec-Ontario boundary, the post 
Hastings (post-Grenville) potassic granite s 
so nearly continuous with the post-Tims 
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kaming potassic granite farther north that 
both were probably intruded as part of the 
same mountain-building revolution. The Ti- 
miskaming Series, however, was probably de- 
posited earlier in the preceding intertectonic 
interval than the rocks classed as Grenville 


beneath the Animikie in the region northwest 
of Lake Superior is equivalent to that beneath 
the Cobalt Series on Lake Timiskaming. 
The northern Precambrian rocks are then 
classified according to their lithological and 
structural similarity to those in the southern 


TABLE 3.—AGE OF URANINITE IN PEGMATITE IN NORTHWEST SUBPROVINCE AND IN NORTHERN PARTS 
OF CANADIAN SHIELD FROM LEAD-IsoTOPE OR LEAD-IsoTopE-URANIUM RATIOS 








Locality | Ages 
Huron claim, southeast 2200 2468 1564 
Manitoba | 
| 2535 2580 
| 1860 2170 2505 
Viking Lake, Saskatchewan! 1850 1880 
1525 1720 1870 
Charlebois Lake, Saskatch- | 1789 1800 
ewan 
Lee Lake, Lac La Ronge 1740 
(565) (868) 1750 


Series (M. E. Wilson, 1956, p. 1423). No age 
of uraninite in pegmatite has been reported 
to date (May 31, 1957) from this region. The 
presence of granitic boulders in the Ti- 
miskaming conglomerate indicates that an 
earlier pre-Timiskaming orogeny also occurred 
in the Timiskaming subprovince. Tyler et al. 
(1940) investigated the bearing of the acces- 
sory-mineral content of igneous and _ sedi- 
mentary rocks on the relationship of the 
Precambrian formations of the regions north- 
west and south of Lake Superior in considerable 
detail, and Marsden (1955) extended this 
investigation to the territory north of Lake 
Huron. The full significance of these studies 
will not be known until the detailed examina- 
tion of the Lake Huron-Sudbury region is 
completed. A pebble of granite from the 
Timiskaming Series in western Quebec sub- 
mitted to Tyler by the writer, as might be 
anticipated, contained the “hyacinth” variety 
of zircon characteristic of the pre-Huronian 
granites of the southern subprovince. 

Pre-Cobalt Series unconformity in the north- 
western subprovince and northern parts of the 
Canadian Shield—The classification of the 
rocks in the northern parts of the shield begins 
with the assumption that the unconformity 





Rererences 


| Average 
1985 | Nier (1939b, p. 158-159) | 2054 
| Collins et al. (1954, p. 19) [< 
| Cumming ef al. (1955, p.64) | 2557 
1360 | Kulp and Eckelmann (1957, p.| 1974 
| 162) | 
| Wasserburg and Hayden (1955, | 1865 
|p. 56) | 
(445) | Kulp and Eckelmann (1957, p. | 1705 
| 157) 
Russell ef al. (1953, p. 1224) 1790 
Russell ef al. (1953, p. 1224) 1740 
Kulp and Eckelmann (1957, p. 1750 


162) 


part. Thus the folded lavas and sediments 
resembling the Keewatin or pre-Timiskaming 
and Timiskaming are placed in the Archean, 
an assignment confirmed in places by physico- 
chemical age determinations (Table 3). The 
three types of rock assemblage that follow 
are classed as Proterozoic: (1) the Copper- 
mine River (O’Neill, 1924, p. 23-24; Jenny, 
1954), Athabasca (Tyrrell, 1895, p. 17-18), 
Et-Then (Stockwell, 1932, p. 59), and Dubawnt 
(Tyrrell, 1896, p. 171-174; Lord, 1953, p. 
5-6; Wright, 1955, p. 8-11, 1956, p. 12-14) 
groups in the western and northern parts of 
the shield; (2) the Belcher Islands (Moore, 
1918; Young, 1921), Nastapoka Islands (Low, 
1900b, p. 8-13), Richmond Gulf (Low 1900a, 
p. 72-80; Leith, 1910), Mistassini (Neale, 
1952; Wahl, 1953; Neilson, 1953), Labrador- 
Quebec (Gill e al., 1937; Retty and Moss 
1951; Harrison, 1952; Auger, 1954), and 
similar groups in the eastern part of the shield; 
and (3) the Epworth (O’Neill, 1924, p. 21-22; 
Jenny, 1954, p. 16), Goulburn (O’Neill, 1924, 
p. 23; Wright, 1956, p. 10-11), Great Slave 
(Stockwell, 1932, p. 55-58), Nonacho (Hen- 
derson, 1937, p. 6-17), and Snare (Lord, 1942, 
p. 17-23) groups in the Northwest Territories. 
In addition, immense areas of rock in the 
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shield are designated Archean and/or Pro- 
terozoic. 

Some of the most noteworthy features of 
the formations in the northern part of the 
shield shown as Proterozoic on the geological 
map of Canada are: 

(1) Almost all include interbedded lava 
flows of basic composition and are intruded 
by dikes, sills, or masses of gabbro or diabase. 

(2) The rocks of the Coppermine River 
type (class 1) resemble the Keweenawan 
Series of the Lake Superior region. Except for 
a zone of folded and faulted rocks on the 
north shore of Lake Athabasca mapped as 
Athabasca Series or Group (Alcock, 1936, 
p. 23-24; Christie, 1953, p. 48-55; Tremblay, 
1955; Blake, 1955, p. 6-10), they are mainly 
flat-lying or gently dipping. 

(3) The Proterozoic Nastapoka, Labrador- 
Quebec, and similar rock groups (class 2), 
like the Animikie Series of the region north- 
west of Lake Superior, include iron formation 
and concentric, Cryptozoon-like structures in 
limestone or dolomite. They have been sub- 
jected to widely varying degrees of deforma- 
tion. The Nastapoka Islands and Richmond 
Gulf groups, along the west coast of Hudson 
Bay, strike north and dip gently west (Low, 
1900b, p. 13; 1900a, p. 88). The strata of the 
Belcher Islands Group farther west also strike 
north but are folded. They “in general have 
comparatively low angles of dip in the axial 
areas, whereas on the limbs of folds high angles 
of dip up to vertical are common” (Young, 
1921, p. 16). The rocks of the Labrador- 
Quebec belt strike northwest to north in the 
middle and northern parts of the belt but 
bend westward at its south end. Along the 
western border the strata dip gently east but 
are folded and thrust to the west with in- 
creasing intensity eastward (Harrison, 1952, 
p. 15-17; Auger, 1954, p. 531). In the Wabush 
Lake and Mount Wright areas at the south 
end, they have been recrystallized and in- 
truded by granite (S. Duffell, personal com- 
munication). The sediments of the Mistassini 
group, which lie about 100 miles southwest of 
Mount Wright, throughout most of their 
area dip gently southeast. They are moderately 
folded and faulted, however, along their 
southeast margin. It is possible that this 
deformation is the southwesterly attenuated 
end of the Labrador-Quebec orogeny. The 
Cape Smith Group of lavas and sediments 
which extends across the northern end of the 
Ungava peninsula are highly folded and _in- 
truded by diorite and granite. Gunning (1933, 


p. 154) concluded that they were probably 
Early Precambrian. Possibly they are a part 
of the Labrador-Quebec Group and are Pro. 
terozoic (Harrison, personal communication). 

(4) The rocks of the Great Slave type (class 
3) are intermediate in character between the 
Coppermine River and Animikie-like groups, 
They consist mainly of clastic sediments 
interbedded with limestone and _ dolomite 
in which concentric, Cryptozoon-like forms 
occur in places. They include little or no iron 
formation and are separated from the Copper- 
mine River strata by an unconformity. 

The ages of a considerable number of rocks 
in the region northwest of Lake Superior and 
the northern parts of the shield have been 
estimated by physicochemical methods. In 
the northwest subprovince, age determina- 
tions of uraninite (Table 3) and _lepidolite 
in pegmatite along the Winnipeg River in 
southeast Manitoba (Davis and - Aldrich, 
1953, p. 380; Ahrens, 1955, p. 156; Aldrich, 
L. T., 1956, p. 121) range from 1564 to 3300 
million years, but most of these are more 
than 2200 million years. In Minnesota age 
determinations of biotite in granite or mus- 
covite in pegmatite (Goldrich et al., 1956) 
suggest that granitic rocks 2400 to 2500 and 
1600 to 1800 million years old respectively 
exist in this region. The presence of granites 
of two ages in northern Minnesota and the 
adjacent parts of Ontario to the north is in 
accord with geological observations (Lawson, 
1913, p. 4), but the classification of the Ver- 
milion Granite in Minnesota as old from the 
potassium-argon ratio of its biotite conflicts 
with its relationships as described by geologists. 

In the northern parts of the shield physico- 
chemical age determinations by five methods 
have been reported to date (May 31, 1957). 
The most numerous of these have been from 
pitchblende deposits occurring in the Gold- 
fields belt on the north shore of Lake Atha- 
basca, Saskatchewan, and in the Great Bear, 
Hottah, Contact, and Beaver Lodge lakes 
region in the Northwest Territories. In the 
Goldfields area Robinson (1955, p. 83, 86-92) 
concluded from 27 older and 30 new age 
determinations that “the earliest introduction 
of uranium in epigemetic deposits probably 
occurred between 1500 and 1600 million years 
ago’”’, and “marked grouping of ages suggests 
that there may have been well-defined periods 
of mineralization. . . 1400-1600, 850-950, and 
230-350 millions of years ago”’. Additional 
determinations by Eckelmann and Kulp 
(1956, p. 35-45) show that the apparent ages 
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of the pitchblende at Goldfields range from 
220 to 1860 million years. But the deposits 
occur in part in relatively unmetamorphosed 
rocks classed as Athabasca group (Alcock, 
1936, p. 21-24; Christie 1953, p. 48-55; Trem- 
blay, 1955) believed to be of late Proterozoic 
age. It must be concluded, therefore, that (1) 
the rocks mapped as Athabasca Group at 
Goldfields are older than the undeformed 
original Athabasca south of Lake Athabasca 
(McConnell, 1893, p. 51); or (2) the rocks of 
the Athabasca Group are much older than 
their geological relations seem to’ indicate; 
or (3) the physicochemical age determinations, 
although possibly right for the pitchblende, 
are geologically erroneous. The second pos- 
sibility implies that the Athabasca, Dubawnt, 
Coppermine River, and Et-Then groups are 
all older than the similar Keweenawan of the 
Lake Superior region, and, except for the 
moderate deformation in the Goldfields area, 
no mountain building has occurred in the 
western part of the Canadian Shield for more 
than 1600 million years. 

Physicochemical age determinations of 
pitchblende in the Great Bear Lake area 
range from 1015 to 1500 million years (Nier, 
1939b, p. 159; Collins et al., 1954, p. 6; Cum- 
ming et al., 1955, p. 74-77; Kulp and Eckel- 
mann, 1955). Pitchblende deposits at Contact, 
Beaver Lodge, and Hottah lakes, on the other 
hand, have ages ranging from 330 to 879 
million years (Kulp et al., 1953, p. 21; Collins 
et al., 1954, p. 6, 8); Cumming ef al., 1955, 
p. 73-74). The pitchblende-bearing veins 
cut across dikes of massive gabbro or diabase 
that intrude the folded lavas and sediments 
of the Echo Bay and Snare groups and the 
little-disturbed Hornby sediments, all classed 
as Proterozoic (Kidd, 1932, p. 4; Murphy, 
1948, p. 261; Henderson, personal communi- 
cation). The pitchblende was, therefore, al- 
most certainly deposited after all mountain 
building in the area and probably during the 
late Precambrian (Henderson 1948, p. 48-54). 

Other physicochemical age determinations 
in the northern parts of the shields have been 
recorded from uraninite, feldspar, mica, and 
galena. Uraninite in pre-Great Slave Group 
diorite (Barnes, 1952, p. 5-8; Lang, 1952, 
p. 63-64) at Stark Lake on the south side 
of the northeast arm of Great Slave Lake 
has been determined to be 1860 million years 
old (Cumming ef al., 1955, p. 70). Most uran- 
inite in pegmatite intruding either the Tazin 
Group or post-Tazin Group granite at Viking, 
Charlebois, and Lee lakes in Saskatchewan 


is estimated to be from 1525 to 1880 million 
years old (Table 3). These determinations 
are possibly in accord with the Archean age 
to which the pegmatite has been assigned by 
geologists, but they conflict in part with the 
older ages of the pitchblende of the Gold- 
fields belt (Collins e¢ al., 1952, p. 21-22; 
Christie, 1953, p. 9; Robinson, 1955, p. 86- 
87; Eckelmann and Kulp, 1956, p. 44). Phys- 
icochemical age determinations of feldspar 
from four localities in northern Saskatchewan 
by the potassium-argon method range from 
1160 to 1950 million years (Shillibeer and 
Russell, 1954, p. 690; Wasserburg and Hayden, 
1955, p. 55; Mawdsley and Farquhar, 1955, 
p. 41; Cumming ef al., 1955, p. 67-71). Three 
of these ages do not differ greatly from that 
of uraninite in the same pegmatite dikes 
(Table 3), but the 1150 and 1470 potassium- 
argon age determinations of feldspar in peg- 
matite at Foster Lake are _ considerably 
younger. Eight potassium-argon age deter- 
minations from seven localities (Folinsbee, 
1955, p. 20; Folinsbee et al., 1956, p. 62) 
have been reported from the Yellowknife 
subprovince (A. W. Jolliffe, 1948, p. 143) 
Most of these, however, were experimental, 
because: (1) the assumption of two decay 
constants for each determination resulted in 
age differences of 45 to 330 million years; 
(2) the determinations were made partly from 
unseparated rock (Reynolds, 1956, p. 141) 
and partly from one or more mineral constit- 
uents; and (3) Reynolds states (p. 143) “it 
would appear that work with separated micas 
offers the best possibility for reliable dating 
of rocks and minerals by the potassium-argon 
method”, but only one of the eight determina- 
tions was from mica alone. Age determina- 
tions of galena from its lead isotopes have 
been recorded from widely scattered areas 
in the northern parts of the shield. Some of 
this galena is in rocks mapped indefinitely 
as either Archean or Proterozoic; its age 
in such cases cannot be checked by geological 
observation. Galena at Nesbitt Lake in the 
Goldfields belt on the north shore of Lake 
Athabasca has been determined to have about 
the same age as the oldest pitchblende in 
that area (Cumming é¢ al., 1955, p. 69); galena 
in pre-Great Slave Group diorite at Stark 
Lake has a physicochemical age of 1245 to 
1300 million years compared with 1860 million 
years for uraninite from the same locality 
(Table 3). In the Yellowknife region galena 
in nine gold-bearing veins of quartz has been 
determined to range from 2130 to 2500 million 
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years (Cumming ef al., 1955 p. 71-72), whereas 
in two! outlying veins at Indin and Indian 
Mountain lakes, the ages of the galena are 
800 and 1335 million years (Cumming ef al., 
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with the known geology of the area. Never- 
theless, so many of the galena-isotope ages 
in the southern part of the shield are designated 
anomalous or are contrary to geological evi- 
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FIGURE 1.—GEOLOGICAL PROVINCES OF THE CANADIAN SHIELD 


1955, p. 68-69) respectively. Most of the geol- 
ogists who have carried on geological work 
extensively in the Great Slave-Great Bear 
Lake region (Stockwell, 1932, p. 46c; Lord, 
1941, p. 18; Henderson, 1948, p. 50; A. W. 
Jolliffe, 1948, p. 142) agree that granitic 
rocks of two widely different ages occur in 
that territory, but the galena-bearing veins 
occur in the lavas and sediments of the 


Yellowknife group, the oldest rocks in the 
district, and are therefore possibly related 
directly (Folinsbee et al., 1956, p. 63) or in- 
directly (Boyle, 1954, p. 74-75) to the granitic 
intrusions of earlier age. Thus the nine lead- 
isotope age determinations of galena, within 
their range of 370 million years, are in accord 


dence that there is doubt regarding the 
accuracy of this method of age determination. 


Limiiations of Serial and Group Correlation 


The Canadian Shield has been divided into 
geological provinces and subprovinces on 
various bases. Van Hise and Leith (1911, p. 
597-615) in their discussion of correlation 
called the regions northwest and south of 
Lake Superior the northern and southern 
subprovinces. The writer (1918b) proposed 
the names Timiskaming and Grenville fot 
two additional subprovinces in the south- 
eastern part of the shield and suggested that 
serial names such as Keewatin and Timis 
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kaming be restricted to the subprovince in 
which they were originally proposed (Fig. 
2), because: (1) much of the geological mapping 
in these regions had been lithological rather 


cessively younger mountain building from its 
core outward. More recently Gill (1952, 
1955) stated objections to widespread corre- 
lation that in part at least are the same as 
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FIGURE 2.—SUBPROVINCES OF THE ST. LAWRENCE GEOLOGICAL PROVINCE 


than structural and (2) geographical and 
geological barriers prevented direct correlation 
between them. The above-named subprovinces 
include most of the Precambrian parts of the 
St. Lawrence basin and therefore together 
can appropriately be called the St. Lawrence 
province. In 1939 (p. 237-239) and 1941 
(p. 274-276) the writer pointed out that 
the Canadian Shield is divided naturally into 
five regions or provinces in which the relation- 
ships of formations because of their prox- 
imity to one another can be determined in 
greater detail than is possible for regions 
separated by wide stretches of water, by 
Paleozoic or later sediments, or by belts of 
complex gneisses (Fig. 1). 

Gill (1949, p. 61-65) attempted to divide 
the Canadian Shield into provinces using 
the structural trends of formations as a stand- 
ard, and J. T. Wilson (1949, p. 179-182; 
Umbgrove, 1947, p. 144-216; Cumming et 
al., 1955, p. 46) proposed a division of the 
shield based on physicochemical age deter- 
minations which he believes support the hy- 
pothesis that the shield has grown by suc- 


those cited by the writer in 1918. In the 
present state of knowledge the division of 
the Canadian Shield into provinces based 
on structural trends or scattered physico- 
chemical age determination, in contrast with 
those of Figure 1, are speculative. 


Major Divisions of the Precambrian in 
the Canadian Shield 


General statement—Archean and Algonkian, 
as names for major divisions of the Precam- 
brian, have been in use in the Lake Superior 
region since 1890, and the equivalent terms, 
Archean and Proterozoic, have been officially 
in use in Canada since 1935. The changes to 
Earlier, Medial, and Later Precambrian in the 
region northwest of Lake Superior by Grout 
et al, (1955) and to Lower, Middle and Upper 
Precambrian in northern Michigan by James 
(1955) presumably are proposed to replace the 
older dual names, but the word Precambrian in 
these divisional titles suggests that they are 
applicable to the whole Canadian Shield. If 
the threefold classification was intended to 
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apply locally, only local names would normally 
be used. 

Keweenawan and Animikie types——(1) The 
Coppermine River, Dubawnt, Et-Then, Atha- 
basca, and similar groups in the western part 
of the shield resemble the Keweenawan in 
the following respects: (a) in most places 
they have the characteristics of terrestrial 
deposits (Van Hise and Leith, 1911, p. 414- 
418); (b) they rest, for the most part, on an 
eroded surface of low or moderate relief; 
(c) except for local moderate deformation, 
as in the Lake Athabasca and the Lake Supe- 
rior basins, they have not been folded; (d) 
they lie at the top of the Precambrian succes- 
sion in their respective localities. It is reason- 
ably certain, therefore, that they are all of 
Late Precambrian age and were probably 
deposited during the same cycle of erosion 
and deposition (Stockwell, 1932, p. 59; Alcock, 
1936, p. 10-13). According to Atwater and 
Clement (1935, p. 1684-1686) a structural 
unconformity separates the Keweenawan rocks 
from upper Cambrian sandstone, but this 
interval of erosion and deformation is probably 
not great enough (Grout et al., 1951, p. 10063) 
for the Keweenawan Series to be more than 
1600 million years old, as suggested by age 
determinations of pitchblende in rocks mapped 
as Athabasca group at Goldfields, Saskatch- 
ewan. 

(2) The iron-bearing sediments of the 
Belcher Islands, Nastapoka Islands, Richmond 
Gulf, Labrador-Quebec, Milistassini, and 
similar groups occurring in the eastern part 
of the shield have certain features in common: 
(a) they rest with great structural unconform- 
ity on highly folded surficial rocks intruded 
by granite; (b) they are lithologically similar; 
(c) either they have not been mountain built, 
or where deformation occurs, as in the Labra- 
dor-Quebec group, it ranges in intensity from 
almost nil to complete recrystallization; (d) 
they closely resemble the Animikie of the 
Lake Superior region, which as noted by many 


geologists (Van Hise and Leith, 1911, p. 
499-528; Gruner, 1922, p. 459-460; Gill, 
1927, p. 726-728; H. R. Aldrich, 1929, p. 
135-180; Moore and Maynard, 1929, p. 
524-527; Leith, Lund, and Leith, 1935, 


p. 21-23) were deposited under special en- 
vironmental conditions that apparently 
reached their climax in Late Precambrian 
time. Therefore, it is probable that they have 
been properly classified as Proterozoic on 
the geological map of Canada. 

(3) Grout ef al. (1951, p. 1021) place the 


Animikie and Keweenawan together in 4 
Later Precambrian era, whereas James (1955, 
p. 1459) classifies only the Keweenawan a; 
Upper Precambrian. If the Animikie is equiva. 
lent to part or all of the Huronian of Michigan 
(Leith, Lund, and Leith, 1935, p. 15; Grout 
et al., 1951, p. 1069-1072) James’ classifica- 
tion conflicts with that of the Minnesotg 
geologists. The rocks of the Animikie and 
Keweenawan types in the shield considered 
as a whole with reasonable certainty belong 
structurally in the same major division or 
era as the Arckean-Proterozoic dual classifica- 
tion assumes. Their widely separate distribu- 
tion in opposite parts of the shield makes 
more restricted classification doubtful. 

(4) The dual division of the Precambrian 
implies that the pre-Animikie unconformity 
extended over most of the Canadian Shield, 
an assumption that Gill recently (1955) ques- 
tioned. Gill is almost certainly right in pointing 
out that mountain building did not occur 
simultaneously over the shield, but a wide- 
spread unconformity does not demand this. 
All that is required is a prolonged period of 
erosion and crustal stability, a condition 
that existed prior to the Paleozoic submergence 
and probably extended backward into Pre- 
cambrian time, as shown by the nearly flat- 
lying attitude of rocks of the Animikie and 
Keweenawan types throughout so much of 
the shield. 

Timiskaming and pre-Timiskaming Types.— 
The rocks at the base of the Precambrian 
succession in the Canadian Shield nearly 
everywhere consist of lava and graywacke 
or other clastic sediments and are overlain 
with structural unconformity in places by 
lithologically similar rock groups of the Ti- 
miskaming or Knife Lake types. The abundance 
of clastic sediments in these groups and the 
occurrence of pillow structure in the lavas 
indicate that they were probably laid down in 
the sea adjacent to mountains (Pettijohn, 
1943, p. 963-968; M. E. Wilson, 1956, p. 
1423-1426). The genetic similarity of these 
groups is not necessarily evidence that they 
were deposited similtaneously throughout the 
shield, but possibly it lends some support 
to their classification together as Early Pre- 
cambrian or Archean. It is noteworthy, how- 
ever, that (a) the Timiskaming Series of 
western Quebec and northeastern Ontario 
resembles the Knife Lake group of the north- 
west subprovince, and (b) the Knife Lake 
rocks are so different lithologically from the 
Huronian south of Lake Superior that their 
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correlation is doubtful. Possibly, therefore, 
the Middle Precambrian of James (1955) 
in Michigan is not the equivalent of the 
Medial Precambrian of the Minnesota 
geologists. 

Grenville, Kisseynew, and Great Slave types.— 
(1) In addition to the rock groups already 
mentioned, folded sediments of the  well- 
sorted or moderately well-sorted types occur 
in places in the shield. Examples of these 
classed as Archean on the geological map of 
Canada are: the Grenville or Hastings group, 
which occurs extensively in the southeastern 
part of the shield, the Kisseynew gneisses 
in Manitoba, and the Tazin Group in Sas- 
katchewan. Examples mapped as Proterozoic 
are: the Great Slave and Snare groups in 
the Northwest Territories, and the Lower 
Huronian or Bruce Series on the north shore 
of Lake Huron. The sorted character of these 
sediments and the presence in them of lime- 
stone indicates that they are of marine origin 
and were presumably deposited on a continental 
shelf adjacent to land of low or moderate 
relief. However, the proportion of limestone 
in the Grenville or Hastings is much greater 
than in all the other groups of this class. It 
is scarcely possible for well-sorted sediments 
to be deposited in the sea contemporaneously 
near sediments of the piedmont type, of which 
those of the Timiskaming and pre-Timiskaming 
groups are typical examples, but simultaneous 
deposition could occur in widely separate 
localities. 

(2) The relationship of the Lower Huronian 
or Bruce Series to the Cobalt Series (W. H. 
Collins, 1937, p. 14942-1444) and Grenville 
(Hasting?) Series has been recently discussed 
by the writer (1956, 1422-1423), and only 
three items are mentioned here: (a) The Cobalt 
Series on Lake Timiskaming rests unconform- 
ably on granite intruding the Grenville 
(Hastings?) Series. For this reason Quirke’s 
suggestion (1926) that the Bruce and the Gren- 
ville are parts of the same series is not pos- 
sible unless a major unconformity separates 
the Bruce Series from the Cobalt Series. (b) 
Wetherill ef al. (1957) report that ages of 
biotite in Killarney granite at Wavy Lake 
south of Sudbury determined by the rubidium- 
strontium and potassium-argon methods are 
1075 and 1025 million years respectively. 
If these are reliable, the Killarney granite 
has about the same age as the post-Grenville 
(Hastings?), pre-Cobalt granite to the north- 
east on Lake Timiskaming. (c) The rocks of 
the original Huronian (Cobalt Series) on 


Lake Timiskaming and northward, except 
where faulted, dip at low angles, are wholly 
clastic, and are believed to be of glacial or 
interglacial origin. The Huronian rocks on 
the north shore of Lake Huron, called Bruce 
and Cobalt Series by W. H. Collins (1914, 
p. 98-104), are highly to moderately folded 
(W. H. Collins, 1925, p. 99-101; Roscoe, 1956). 


CONCLUSIONS 


(1) Only a small part of the folded surficial 
rocks of the Canadian Shield has been mapped 
in structural detail. Their positive classifica- 
tion, therefore, must await a more detailed 
investigation of their structural history. How- 
ever, because such a large part of its forma- 
tions belongs to either the very early or very 
late Precambrian, an approximately dual 
classification is possible. 

(2) Attempts to divide the rocks of the 
shield into more than two divisions must 
introduce considerable error. The _ replace- 
ment of the dual classification so long in use 
both in United States and Canada is there- 
fore scarcely warranted at present. 

(3) The Canadian Shield is divided geo- 
logically and geographically into regions 
separated by extensive barriers of sea, lakes, 
or overlying Paleozoic or later strata, across 
which correlation by continuity or approx- 
imate continuity of outcrop is not possible. 
When the detailed succession of formations 
in various parts of the shield is more fully 
known, the similarities may be sufficient 
for correlation across intersubprovincial or 
even interprovincial barriers, but until that 
time, it is more scientific to use local nomen- 
clatures within these areas. 

(4) Numerous physicochemical age deter- 
minations of minerals occurring in the 
Canadian Shield have been published since 
the early work of Ellsworth (1931; 1932). 
These, within certain limitations, may even- 
tually be of considerable assistance in the 
age classification of its rocks, but at their 
present stage, their reliability is uncertain, and 
a careful, objective evaluation of the various 
methods proposed is necessary before they can 
be accepted with assurance. Furthermore, 
when their reliability is established, thousands 
of age determinations covering all parts of 
the shield will be required before they can be 
fully utilized in shield rock classification. The 
limitations to the determinations are: (a) the 
possibility of chemical change or recrystalliza- 
tion is much greater for Precambrian minerals 
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than for those of later age; (b) most of the 
minerals used for age determination are 
related genetically to igneous intrusion or 
mountain building, and these may occur 
hundreds of millions of years after the deposi- 
tion of the intruded or mountain-built surficial 
rocks; (c) because mountain building is usually 
local or linear (Gill, 1955; M. E. Wilson, 1918b, 
p. 331-332) the area of each age determina- 
tion is restricted. 

S. C. Robinson, who as chief of the Mineral- 
ogical Division of the Geological Survey of 
Canada supervises its mass spectrograph 
investigations, kindly read the physico- 
chemical parts of this paper and gave the 
writer the following comment: 


“For some minerals the ages are apparently 
correct, for most minerals the ages are of the cor- 
rect order. The principal uncertainties are: (1) 
poor sampling; (2) use of grab samples taken with- 
out consideration of the degree of weathering or 
other alteration; and (3) lack of mineralogical 
and geological interpretation. 

“Tt is essential that the reliability of the physico- 
chemical ratio as resolved into an apparent age 
be fully evaluated, geologically, mineralogically, 
and physically before interpretation of its true 
geological significance can be established. Too often 
geologists send in poor samples, and too often physi- 
cists make unjustified assumptions in assessing the 
meaning of the ages they determine. A well dis- 
ciplined team approach to the problem is 
imperative.” 
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GEOCHEMISTRY OF THE STERLING HILL ZINC DEPOSIT, SUSSEX 
COUNTY, NEW JERSEY 


By R. W. Metscer, C. B. TENNANT, AND J. L. Roppa 


ABSTRACT 


The Sterling Hill ore body is mineralogically similar to its neighbor to the north in 
Franklin, N. J. It is an intricately folded, steeply plunging body in Precambrian gra- 
phitic, sparsely silicated, coarsely crystalline white marble. The marble is graphite-free 
within 5 feet of ore. The ore is wrapped around a central core of graphitic marble and 
an annular gneissic cylinder of mica, feldspar, hornblende, pyroxene, and garnet com- 
position. 

Ore minerals are willemite, franklinite, and zincite. Franklinite, tephroite, pyroxene, 
and biotite compose the leanly mineralized areas. The mineral distribution is zoned. 
Black willemite with magnetic franklinite forms a band of varying thickness that follows 
closely the convolutions of the upper surface of the brown willemite-franklinite body. 
Ore textures are identical with those of the areas of lean mineralization, and the transi- 
tion is not sharply defined. A thin band of rhodonite is found at this boundary between 
pyroxenes and willemite. 

Paragenetically, it appears that of the ore minerals, willemite formed first in the 
sequence, with tephroite, zincite, and franklinite following in undetermined order; 
tephroite and zincite may have been emplaced at the same time. There is abundant 
evidence of later generations of willemite, franklinite and zincite. Primary zincite has 
been observed only in the presence of tephroite. There is evidence that tephroite has 
replaced willemite. Manganese solutions possibly replaced the zinc in willemite to form 
tephroite and may have resulted in the formation of zincite. 

The rock core of the ore body is altered to zinciferous clayey mud, locally containing 
hemimorphite. This alteration extends from the surface to a depth of 680 feet. 

The variation in willemite color is due to color differences in <10 micron frank- 
linite inclusions. Red franklinite is nonmagnetic with a unit cell dimension of nearly 
8.51 A. Black franklinite is magnetic with a unit cell dimension of about 8.42 A. Macro- 
scopic franklinite cell dimensions are intermediate. Origin of franklinite inclusions is attri- 
buted to willemite serpentinization, similar to that commonly observed in magnetite 
formation by serpentinization of olivine. 
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INTRODUCTION AND ACKNOWLEDGMENTS 


The Sterling Hill zinc deposit is one of a 
geologically unique pair of ore occurrences in 
Franklin and Ogdensburg boroughs of Sussex 
County, New Jersey. Innumerable papers have 
been written on their vast suite of minerals. 
The Franklin mine was recently (1954) shut 
down because of exhaustion of ore. 

Most of the published works on these de- 
posits describe individual minerals rather than 
their relationships to each other and to their 
host rock. The few papers concerned with the 
genesis of the ore bodies are, for the most 
part, speculative and are based on brief field 
observations. Ries and Bowen (1922) pub- 
lished the most detailed study of the ore bodies. 
Pinger (1950), Chief Geologist at Franklin 
from 1929 to 1950, summarized the important 
hypotheses of origin. He described the ore 
bodies only briefly. Ridge (1952) discussed at 
length solutions that may have formed the 
mineral deposits, on the assumption that they 
are a pyrometasomatic deposit. Hague ef al. 
(1956) described the areal geology and structure 
of the area with particular emphasis on the 
gneisses. 

The present paper is the result of a continu- 
ing study undertaken by the writers early in 
1953. Recent work on the Sterling Mine is re- 
ported. It is hoped that continuation of the 
present work will find application in mining 
and exploration and in furnishing better geo- 
logical understanding of processes associated 
with ore formation. 

The work has been carried out co-operatively 
between the Exploration and Research de- 
partments of The New Jersey Zinc Company. 
A number of people from each department 
have contributed to the work in various ways. 
The authors are pleased to acknowledge their 
assistance. Also, the authors wish to express 
appreciation to The New Jersey Zinc Com- 
pany for permission to publish this informa- 
tion. 


DESCRIPTION OF THE STERLING HILL 
Ore Deposit 


Geological Environment 


The Sterling Hill ore body is structurally 
complex. It occupies an isoclinal syncline in 
white crystalline limestone. Its long east limb 
and shorter west limb dip eastward at 55°, 
This structure is complicated by a cross mem- 
ber, greatly thickened in its middle portion, 
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which joins the middle of the west limb with 
the middle of the east limb. The ends of the 
two limbs, the keel of the syncline, the thick. 
ened part of the cross member, and the latter's 
junctions with the two limbs plunge roughly 
parallel at 45°, N.70E. 

The ore distribution in plan is similar to jts 
pattern in section, owing to the 45-degree 
plunge of the ore body. 

The ore body occurs in a coarse crystalline 
white marble generally well banded with mica, 
amphibole, and chondrodite. Graphite js 
ubiquitous in the limestone except in and near 
ore and, in some cases, adjacent to pegmatite 
and gneiss. A marble zone 5 feet thick which 
envelopes the ore body is graphite-free but 
otherwise apparently identical with the country 
rock. The banding of the limestone appears to 
parallel the foliation of the adjacent gneisses 
and has been attributed to bedding. Locally, 
large masses of the limestone have been dolo- 
mitized. The dolomitized masses in the mine 
appear to be related to joints, faults, and 
breccia zones which are known to be post- 
Algonkian. 

The Sterling Hill ore body lies within the 
White (Franklin) Limestone about 600 feet 
away from its contact with the Cork Hill 
gneiss. The Franklin ore body 3 miles to the 
north is only a few feet from the same contact 
The well-annotated paper by Hague ef al 
(1956) should be referred to for specific geo- 
graphical and stratigraphic location. 

The ore body proper is distinctly zoned 
mineralogically, but, owing to extreme struc- 
tural complexity, the distribution of the zones 
is imperfectly understood. 


Outer Zincite Zone 


The outer zincite zone comprises the east 
and west limbs of the ore structure. The ore is 
composed typically of pale flesh to red wil 
lemite! and tephroite? (or a related olivine), 
nonmagnetic franklinite, and sparsely dis 
seminated to locally abundant zincite (Table 
1). These minerals are found in varying propor 
tions, disseminated pepper-and-salt fashion in 
white limestone which generally displays é 
pink fluorescence, or as sheets or lenses with 





1 These willemite grains are fluorescent along 
fractures and in irregular zones, although to the 
naked eye they appear to fluoresce uniformly. 

? Tephroite as used here is not a specific minet®! 
name but refers to a series of olivine minerals no 
yet differentiated. 
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gneissic texture and essentially free of included 
limestone. In general, the franklinite comprises 
40-60 per cent of the ore minerals in all zones. 

The limestone is everywhere coarsely crys- 
talline and highly twinned. 


TABLE 1.—CHEMICAL COMPOSITIONS 
oF MINERALS DiscussED* 


Mineral —| Composition 
= na | 
Franklinite | (Zn,Fe,Mn)O-Fe.0; 
Willemite | ZnSiOg 
Zincite ZnO 
Tephroite Mn,SiO,t 
Serpentine HiMg;Si209 
Friedelite | H7(Mn,Cl)Mn,SigOi6 
Pyroxenes Diopside—CaMg$Si.0¢ 
Augite—Ca(MgFe)Si.0¢ 
Rhodonite MnSiO; 
Garnet (var. Ca3Fe2Si;0i2 
Andradite) 
Gahnite ZnAl.O; 
Calcite CaCO; 
Dolomite CaCO;-MgCO; 











* These formulae disregard elements that may 
be present in minor concentrations. 
} As used in this report Mg can proxy for Mn. 


In the disseminated ore the grain size of the 
willemite and franklinite are roughly com- 
parable and are of the order of a quarter of an 
inch in diameter. In general, the grains are 
rounded and equidimensional but locally are 
euhedral. The tephroite, which closely re- 
sembles the willemite and occurs locally to the 
exclusion of willemite, appears in general as a 
peripheral replacement of individual willemite 
grains. The zincite is relatively fine-grained 
and sparsely disseminated through much of the 
ore but has not been observed in normal ore 
except in the presence of tephroite. 

The gneissic type of ore, which in general 
occurs as sheets or lenses within the dissemi- 
nated ore, is composed of willemite and frank- 
linite grains slightly smaller in diameter than 
those in the disseminated variety. Zincite, as 
before, is generally sparsely disseminated. In 
this ore the willemite grains are elongated 
parallel to the crystallographic axis. L. A. 
Herrmann (Unpublished report) has shown 
that these willemite grains, as well as those 
‘rom other zones, parallel the major structural 
elements of the ore body. The degree of ori- 
entation is inversely proportional to the amount 
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of limestone present. Where limestone occurs 
within the gneissic bands, it appears as augen- 
like lenses 1-3 inches long oriented in the plane 
of the gneissic foliation, or as larger irregular 
masses. 

An unusual feature of the ore is visible 
primarily in the west limb. In the hanging-wall 
half of the limb, the ore is of the normal dis- 
seminated variety. About midway between the 
hanging and foot walls, this pepper-and-salt 
ore contains sparsely distributed, generaliy 
rounded nodules of calcite-free willemite and 
franklinite, gneissic in texture. A few of these 
nodules on close inspection have revealed 
hexagonal outlines, suggesting that they are 
possibly “ghosts” of some pre-existing crystal. 
Toward the foot.wall, these nodules become 
more and more abundant, until they coalesce 
to form a thick band of the gneissic ore de- 
scribed above. ’ 

The contacts between ore and rock are 
normally gradational. The ore minerals become 
coarser and more disseminated over distances 
of from 6 inches to a foot. Where they are very 
sparse (as in the hanging wall of the east 
limb) the willemite and franklinite crystals in 
many cases have diameters ranging from 1 
inch to more than 2 inches. The crystals locally 
are well formed. This coarseness of texture is 
also observed where the minerals are sparsely 
disseminated in the local masses of limestone 
within the ore. 

Within the ore band, generally within less 
than a foot of the hanging-wall contact in the 
case of the east limb, and the foot-wall contact 
in the case of the west limb, is a band of con- 
centrated zincite roughly 6 inches thick. In 
many places the zincite occurs as irregularly 
shaped single crystals as much as 3 inches in 
diameter. These are invariably associated with 
similarly coarse crystals of silicate minerals, 
which until recently were erroneously called 
tephroite but are actually three or more phases 
of an unidentified olivine. 

The ore band of the outer zincite zone varies 
considerably in thickness (Fig. 1) and feathers 
out by increasing dissemination at the north 
end of the east limb. 


Central Zincite Zone 


Midway between the keel and the northern 
termination of the west limb, the ore branches 
off to the northeast to form a cross member 
which is greatly thickened in the middle and 
either joins or abuts (the structure is not yet 
clear) the east limb approximately midway 
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between its northernmost extremity and the 
keel. 

Although it is continuous with and not 
greatly different mineralogically from the 
outer zincite zone, the western half of the cross 
member has been designated as the central 
zincite zone. 

The zincite band in the outer zone has not 
been traced in the central zone, although dis- 
seminated zincite is present. The distribution of 
the magnetic franklinite is not yet well defined, 
but for the most part it appears to be confined 
to the eastern side of the zone near its contact 
with the black willemite zone. 

A considerable amount of dull brownish- 
green, glassy, essentially nonfluorescent wil- 
lemite is present in the middle of the thickened 
part of the central zincite zone, but it has not 
been observed in the outer zone. 

Except for these differences, which may be 
more apparent than real, the ore of the central 
zone is similar to that of the outer zincite zone. 


Black Willemite Zone 


Black willemite ore is radically different in 
appearance from all the other ore in the mine. 
Most of this ore is in the eastern half of the 
thickened part of the cross member and, where 
massive with little limestone, appears as a 
jet-black rock. 

Mineralogically it is not very different from 
the red and brown willemite ores of the re- 
mainder of the ore body. The major constitu- 
ents are willemite and franklinite in grain 
sizes comparable with those described for the 
outer zincite zone. In this zone, however, the 
willemite is jet black to grayish black to gray 
and in many cases is difficult to distinguish 
from franklinite in unpolished hand specimens. 
The metallic luster of the franklinite differ- 
entiates the two. As with all willemite, this 
material is transparent in thin section. The 
associated tephroite (roepperite) likewise is 
black. In polished section and thin section its 
appearance is similar to that of willemite. The 
franklinite differs from that of the outer zincite 
zone in that it is highly magnetic and black 
even in powdered form. The black willemite is 
sufficiently magnetic to make its separation 
from franklinite difficult. 

Zincite has never been found in the black 
willemite zone. 

As in the outer zone, the ore is disseminated, 
with a pepper-and-salt texture, and also in 
massive form with little limestone. This latter 
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type is probably also gneissic, but foliation js 
obscured by the similarity in color of the fer- 
rite and silicate minerals. The willemite grains 
are probably oriented parallel with the struc- 
ture of the ore body, but no work has been 
done to prove this. 

The black ore, until recently, was thought to 
occur only in the thick part of the cross mem- 
ber, as local masses or lenses in the midst of 
the pyroxene zone, and near the junction of 
the west limb and cross member. It has now 
been traced (Fig. 1) as a relatively thick mass 
at the north end of the west limb; it thins toa 
+3-inch band of disseminated gray willemite 
and magnetic franklinite, which parallels the 
west limb about 2 feet above its hanging wall 
to another thick mass at the junction with the 
cross member. From there it again thins to 
+3 inches and extends parallel with and 2 feet 
beneath the foot wall of the cross member to 
another thick mass north of the thick part of 
the central zincite zone. Its course from there 
to the main body of black ore has not been 
traced precisely and is indicated in Figure | 
as a dashed line. The writers’ examination has 
not been extensive enough to determine 
whether or not this connection exists. 

At all places where the black ore adjoins the 
red ore, there is a gradational zone of dark-brown 
ore. 


Brown Willemite Zone 


About halfway between the thick part of the 
black willemite zone and the junction of the 
cross member and the east limb, the black ore 
thins and grades into a dark-brown to red- 
brown willemite-franklinite ore containing no 
zincite. The franklinite is magnetic and in 
general black in finest powdered form. Tex- 
turally, the ore is similar to all ore previously 
described. Also included in this zone are lenses 
of ore lying parallel with and close under the 
foot wall of the east limb. These lenses may be 
connected through thin low-grade bands with 
the ore of the cross member, and the latter 
may not actually join the east limb. More field 
study will be needed to prove or disprove this. 

The margins of the brown willemite or 
bands are typically of the pepper-and-salt 
variety, whereas their inner parts have 4 
generally gneissic texture. There is a mineralogi- 
cal gradation. between this disseminated ort 
and the surrounding mineralization of the 
pyroxene zone, although the texture remain’ 
the same, 
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Pyroxene Zones 


There are two pyroxene zones, mineralogi- 
cally and texturally identical, but occupying 
different structural positions in the ore body. 
Because they are not considered to be of ore 
grade, there are few openings in them, and 
they are therefore the least-known parts of the 
ore body. 

One of these zones extends northward from 
the thick part of the cross member beneath 
the foot wall of the east limb and pinches out 
near the northern end of that limb. It is com- 
posed of fluorescent limestone with green 
pyroxene (optically near diopside), brown 
pyroxene (optically near augite), magnetic 
franklinite of low zinc content, biotite, and 
relatively sparse garnet. These minerals are 
distributed in bands and closely resemble the 
banded, disseminated ore in texture. Data are 
insufficient to reveal whether or not these 
bands are tightly folded in the same manner 
as the black willemite ore. 

This zone appears to be an important and 
integral part of the mineral deposit. The high 
magnesian content of the pyroxene phase (see 
Palache, 1935 for typical analysis) seems to 
contradict Ridge’s (1952) suggestion that the 
ore fluids were low in magnesium content. 

At the contact between this limestone pyrox- 
ene-franklinite rock and the ore of the brown 
willemite zones, particularly noticeable in the 
hanging wall of the lenses beneath the east 
limb, is a narrow zone (+1 inch thick) of 
rhodonite and franklinite. When seen from a 
distance underground, it is difficult to see 
where ore ends and rock begins. On close in- 
spection it is obvious that the texture and the 
amount of franklinite remain the same, and 
the silicates range from willemite in the ore, 
through rhodonite, to pyroxene. 

The second pyroxene zone forms a rough 
cylinder between the ore and the gneiss zone. 
Except at its contact with the gneiss, it is 
mineralogically the same as its counterpart to 
the north. At that contact, coarse garnet, 
pyroxene, biotite, and gahnite crystals are de- 
veloped, products of the reaction between the 
limestone and adjacent sedimentary gneiss at 
the time of metamorphism. Such “skarn” 
minerals are typical of gneiss-limestone con- 
tact zones throughout the area. 


Franklinite Zone 


This zone is composed of highly magnetic, 
low-zinc franklinite sparsely disseminated in 


limestone, in the east limb near the keel of the 
ore body. Its plunge is somewhat less than 
that of the ore body, so that near the surface 
it wraps around the keel and appears, in part, 
in the west limb. In depth this zone is entirely 
within the east limb (Fig. 1). More work js 
necessary to determine its relationship to the 
rest of the ore. 


Gneiss Zone 


This zone is a band of pyroxene and/or 
hornblende-feldspar-mica gneiss, locally _ in- 
truded with pegmatite, which lies between the 
pyroxene zone and the central core of the ore 
body. Because it is of no economic importance, 
it has not been studied in detail. The core of 
the ore body is normal graphitic white lime- 
stone. 


Calamine-Mud Zone 


Replacing part of the limestone core as well 
as parts of the surrounding gneiss and pyroxene 
zones in the upper levels of the ore body is a 
huge cavity filled with mud. The cavity paral- 
lels the hanging wall of the west limb and that 
of the cross member south of its thickened 
part. It extends 680 feet beneath the surface. 
At the surface in plan it looks much like a 
pair of spectacles. The material filling the 
cavity appears to be transported in part and in 
part residual. It appears to be zinc bearing in 
some degree. 

In the mine the roof of a cross cut appeared 
to be brown-stained, very coarsely crystalline 
marble containing disseminated franklinite. 
Blocks 3 feet in diameter and more, bounded 
by intersecting joints such as are common 
throughout the Franklin Limestone, displayed 
excellent diffusion rings, obviously controlled 
by the joints. Cleavage rhombs and twinning 
traces were clearly visible. On close inspection 
the “marble” proved to be claylike in consis- 
tency and, on drying, crumbled to dust. Chemi- 
cal analysis of the material after removal of a 
small amount of franklinite showed only 0.54 
per cent CaO and 1.71 per cent MgO. In the 
same cross cut a layer of hemimorphite several 
feet thick rests on the footwall of the cavity. 
The hemimorphite crystals contain mud in- 
clusions, and mud is found interstitially in the 
porous mass. In some places the banding in the 
marble is retained in the mud, in others the 
mud appears to have been transported. 

Other minerals composing the mud as identl- 
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fied by X ray are goethite, kaolinite, sericite 
type, and nontronitic type. 

As yet there are few mine openings in the 
mud, and the distribution of the various min- 
erals is not known well. 

The problems posed by the existence of the 
mud zone are numerous, and too little is known 
to speculate on its origin. It is surrounded by 
mine workings in solid rock, and, until it was 
penetrated by diamond drilling from beneath, 
it appeared to be completely water tight. The 
zone bottoms about 50 feet below sea level. 
Circulating ground water is therefore an im- 
probable agency of weathering. 

Pinger (1950) suggested that sulfuric acid 
derived from blende acted in the formation of 
what was then known of the mud zone, i.e., 
two pits at the surface outcrop of the ore. 
However, the authors have studied the un- 
altered marble directly beneath the zone on the 
700 level, as well as in other places in the mine, 
and cannot find evidence of sufficient sulfides 
to account for such a massive corrosive attack. 


CAUSES OF VARIATION IN WILLEMITE 
PHYSICAL PROPERTIES 


Color Differences 


There are striking differences in the color 
and magnetic properties of the willemite. Be- 
cause of the zoning of these properties in the 
ore body and the possible genetic significance 
of the variations, the writers attempted to 
discover their causes. 

Willemite occurs in three colors, green, red, 
and black. The green variety predominated in 
the Franklin ore body, although considerable 
red willemite was taken from the upper parts 
of the mine near the keel in the early years of 
the mining operation. Black willemite, if 
present, was rare. At Sterling Hill the primary 
willemite is either red or black, and the only 
green willemite is secondary. About one-third 
of the willemite in the ore body is black. 


Fluorescence 


The typical green color of willemite from the 
Franklin mine is apparently a green fluorescence 
induced by ultraviolet wave lengths in day- 
light and common artificial sources. When 
heated to a temperature just below incandes- 
cence, green willemite becomes grayish white, 
and there is no ultraviolet fluorescence. On 
cooling, the ultraviolet-induced fluorescence 


gradually returns, and then the green color 
returns. 


Microscopic Franklinite Inclusions 


The black willemite and tephroite and red 
willemite and tephroite are colored by minute 
1-10 micron inclusions. These inclusions have 
not been found in any of the pyroxenes, calcite, 
or other gangue minerals of the ore body. 

Several sets of thin sections were prepared 
from samples collected in series across the 
contact zone between the black and brown to 
red willemite in the thickened part of the cross 
member. Although Ries and Bowen (1922, p. 
543) attributed the color of black willemite to 
inclusions of franklinite, and that of red wil- 
lemite to zincite, the authors found that both 
varieties were colored by franklinite inclusions. 

Willemite, regardless of its apparent color in 
the hand specimen, is transparent and color- 
less in thin section. Black willemite, in thin 
section, is crowded with opaque black 1-to-10- 
micron inclusions, many of which display good 
octahedral form (although most are anhedral). 
These are thickly scattered in planes and, 
locally, in what appear to be irregular or curved, 
apparently healed cracks. At first, this distri- 
bution pattern was thought to indicate forma- 
tion by exsolution from iron-bearing willemite. 
Accordingly, samples of coarse-grained Sterling 
black willemite (received from L. H. Bauer in 
1947) were annealed in nitrogen as follows: 


Thin section 


number Treatment 

2196 Untreated 

2197-1 5 hours at 985°C. 

2197-2 5 hours at 985°C. 

2226 100 hours at 1050°C. 

2378 63 hours at 1300°-1350°C. 


Some slight change in the color of the inclu- 
sions may have taken place at the lower 
temperatures, but even at 1300°-1350°C., the 
inclusions had not dissolved but had grown. 
Exsolution, then, is probably not the source of 
the inclusions in black willemite. 

Red willemite in thin section is seen to con- 
tain spinel (franklinite) inclusions distributed 
in the same fashion as those in the black. These 
spinels, however, are transparent and ruby, and 
although generally rounded, many display good 
octahedral form. These apparently are the in- 
clusions mistaken by Ries and Bowen for 
zincite on the basis of color. Where zincite has 
been observed in such fine particles, it is yellow 
rather than red. 
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The brown willemite typical of regions of 
gradational contact contains a mixture of red 
and black spinel inclusions. Its shade depends 
on the relative proportions of black and red 
particles. 

The color variations of tephroite (roepperite) 
are also due to these spinel inclusions dis- 
tributed in fractures typical of the olivine 
group. A few slides showed concentrations of 
inclusions in the tephroite, whereas the asso- 
ciated willemite was free of inclusions. Such 
inclusion-free willemite in hand specimens ap- 
pears as a glassy, dirty, brownish-green mineral. 

Willemite and tephroite also occur in paler 
shades of gray and flesh pink. These shades are 
due to the sparse scattering of inclusions. 

The foregoing description has considered only 
the equidimensional, rounded to octahedral 
inclusions. Other thin sections, from large 
single crystals of red and flesh-colored wille- 
mite, revealed isotropic transparent red rod- 
like inclusions 1-10 microns thick and of 
variable length. These are continuous with rods 
of a colorless mineral of lower index than the 
willemite. The two minerals contact in a 
featherlike manner. Further study proved that 
the red material is franklinite and the colorless 
mineral is chrysotile. 

Thin-section work indicated that the in- 
clusions were spinels; more specific identifica- 
tion necessitated the separation and concentra- 
tion of the inclusions from the willemite. This 
was accomplished by dissolving the willemite in 
5 per cent HNO; and centrifuging the residue. 
After repeated washing with distilled water 
and additional centrifuging, a residue clean 
enough for X-ray-diffraction studies was ob- 
tained. 

In developing the method for separation and 
concentration, it was found that black inclu- 
sions suspended in liquid could be attracted by 
an Alnico hand magnet. The rounded and 
octahedral red inclusions were not attracted by 
the magnet. The rodlike red inclusions, how- 
ever, possessed polarity, and, although they 
were not attracted by the magnet, their orienta- 
tions could be altered by movement of the 
magnet. 

Powder X-ray studies of the concentrated 
colored inclusions (all from willemite) proved 
that all, regardless of color or form, are frank- 
linite. 


Serpentine Inclusions 


In the course of the powder X-ray work on 
the inclusions, it was found that all were asso- 
ciated with serpentinelike minerals or friedelite. 


The friedelite patterns were identical with 
patterns obtained from known samples. The 
serpentinelike inclusions show one diffraction 
pattern, with recurring minor differences which 
indicate three members of the serpentine 
family. One of these patterns closely resembles 
the pattern obtained from a specimen of 
chrysotile from Thetford, Quebec. The re- 
maining two patterns are like the first but less 
like the chrysotile. 

The inclusions most like chrysotile were 
from one of the large pale-flesh willemite 
crystals. These inclusions were sufficiently 
large to afford optical data. These data, as re- 
ported by L. A. Herrmann, are as follows: 


1 2 

Uniaxial or biaxial posi- 
tive with small 2V 

Length slow 


Biaxial positive 


Length slow 


Fibrous Fibrous 
n8 Slightly greater n8B Very slightly less 
than 1.56 than 1.54 


The optical properties of chrysotile (Rogers 
and Kerr, 1942) follow: 


Biaxial positive 
2V = 0-50° 
Length slow 
Fibrous 

nB 1.504-1.550 


These colorless inclusions have not been 
identified definitely because the authors do 
not have access to exactly comparable refer- 
ence patterns, and the particles are, for the 
most part, too minute to permit optical de- 
terminations or to permit separation for 
chemical analysis. It is safe to say, however, 
that they are all members of the serpentine 
family. 

In addition to the serpentine inclusions, in- 
clusions of friedelite (a hydrous chlorosilicate 
of manganese) were identified in many of the 
franklinite concentrates from willemite. In 
some cases, this was present to the exclusion of 
serpentine varieties, and in others it was pres- 
ent with them. 


SPINEL (FRANKLINITE) LATTICE 
MEASUREMENTS 


The method of determining the cell size of 
the ferrite samples was not elaborate. The d 
values for the lines 

(511) (731) 
(333), (440), (533), and (553) 
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SPINEL (FRANKLINITE) LATTICE MEASUREMENTS 


were measured from a metal scale made up for 
Cu radiation. No correction was made for 
film-length variation. Each of these d values 
was used to calculate an ao value using ap = 


783 


cedures in some cases were not of high pre 
cision. 

A synthetic 1-to-1 zinc-manganese ferrite 
sample (ZnO-MnO-(Fe:O3)2) gave a sharper 


FERRITE LATTICE DIMENSIONS 


MNO * FEO, AT 8.589 
DONNAY AND NOWACKI 


all =—-- 8.50 A 


(GC-19) 7 


RED INCLUSIONS 


GROSS FRANKLINITE 


ZnO+ MnO (Fe,0,), CH,L ano W)--1 


(i954) 


Seal 
oc-22 Rar = 
GROSS FRANKLINITE = eet 


— 





FR-30_—_________ —_ 

° Gc-2!, T_— 
ZnO° Fe,0, = : 
— 8.45 A 

BLACK INCLUSIONS + 

GROSS FRANKLINITE (GC-16) ~§ — 

BLACK INCLUSIONS = 

° 
MAGNETITE — 8.40A 


Fe,O, 





FicuRE 2.—Ferrite Lattice DiMENSIONS 


d/h? +k? +12. The arithmetic mean of the 
four ao values thus determined was used as the 
cell size. It was found that the standard devia- 
tion of this determination was 0.011A. This 
value was determined from data on four 
samples, two run in duplicate and two in 
triplicate. More elaborate determination of the 
cell size was not warranted, since the quality of 
the X-ray patterns of these iron-bearing 
materials was poor, and the sampling pro- 


X-ray pattern than the others, and the lattice 
constant was determined by the extrapolation 
procedure described by Henry, Lipson, and 
Wooster (1951, p. 191). This result for ZnO- 
MnO-(Fe:O3)2 (Fig. 2) compares satisfactorily 
with the value determined by the simpler pro- 
cedure described above and used for routine 
cell-size determinations in this work. 

Figure 2 lists the values for the lattice con- 
stants of several ferrite materials. The measured 
lattice dimensions have been plotted on a 
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linear scale in angstrom units. Multiple listings 
on the plot are for different samples of the 
same type. Values shown on the plot include: 


(1) Red inclusions recovered from willemite samples 

(2) Black inclusions recovered from  willemite 
samples 

Gross franklinite I—Large franklinite particles 
occurring adjacent to either red or black 
willemite. The inclusions from these wille- 
mite samples were recovered and measured. 

Gross franklinite GC or FR—Mine location of 
these samples not known. They are ore 
franklinite samples on which analytical data 
were available. 

ZnOFe.O; (synthetic zinc ferrite) 

ZnO-MnO-(Fe.03)2 (Synthetic 
manganese ferrite) 

Fe,0;, (Magnetite sample from the bottom of 
the north shaft, Sterling) 

MnO-Fe.O; Value obtained from Donnay and 
Nowacki (1954) 


(3 


— 


(4 


~~ 


= 
on 


1-to-1  zinc- 


(6 


i 


RESULTS OF LATTICE MEASUREMENTS 


The plotted cell-size data (Fig. 2) show a 
striking distribution. The magnetite standard 
has the smallest lattice dimensions. Somewhat 
larger, yet still close to magnetite, are the 
black microscopic inclusions from black wil- 
lemite. The macroscopic franklinites are next 
in increasing size. The largest lattice dimensions 
are exhibited by the microscopic red inclusions 
from brown or red willemite. 

The small spread in the cell size of the gross 
franklinite samples is remarkable when con- 
trasted with the variations of the microscopic 
ferrite inclusions. The average dimension for 
gross franklinite is fixed in the range near 
8.46A. 

The color and magnetic properties of the 
ferrite apparently correlate with the lattice 
changes. The darker, low-spaced samples are 
more magnetic, and the red, high-spaced 
materials are less magnetic. 

A progressive increase in lattice dimension 
is observed in the measured values for the 
samples FeO-Fe.O3, ZnO-Fe.O3, ZnO-MnO- 
(Fe:O3)2, and MnO-Fe.O; (Fig. 2). This sug- 
gests that the same composition variations 
cause lattice expansion in the natural materials 
from the mine. The lattice dimension probably 
increases as manganese or zinc progressively 
replaces iron in FesO,. The increase is greater 
for manganese substitution than for zinc. It 
follows that the lattice dimensions of samples 


will be determined by the interaction of all 
three ions, Fe++, Mn*+, and Zn**. 

The transparency and redness of the jp. 
clusions with the largest cell sizes might be 
expected to correlate with increased zinc and 
manganese contents, since zinc chemicals are 
typically transparent, and manganese cheni- 
cals are typically pink or red. Increased trans- 
parency observed microscopically correlates 
with increasing zinc content of franklinite 
samples. 

The ionic radii of these ions are Fe++ = 
Zn++ = 0.74 and Mn++ = 0.80 (Green, 1953). 
The large value of Mn** is consistent with the 
indication that it results in larger cell sizes. 
The indicated increase by Zn*+* substitution 
for Fe++ must be due to a larger effective ionic 
size of zinc in the spinel environment than that 
indicated by its listed equivalence to iron. This 
seems possible since the Zn** and Fe** occupy 
different lattice sites in the spinel in accordance 
with the inverse structure for FeO-Fe,O; and 
the normal structure observed for ZnO-Fe.,0;. 

Analytical data and lattice dimensions were 
obtained for a series of gross franklinite samples 
(Fig. 2). 

Calculations based on various assumptions 
have been made involving possible valence 
states, ionic radii, and structural considerations 
in spinel-type materials in an attempt to cor- 
relate composition and lattice dimensions. The 
proximity of Mn, Fe, and Zn in the periodic 
table and the resulting similarity in properties 
reduces the effectiveness of calculations, as 
does the lack of precision of the lattice-dimen- 
sion measurements. 

The microscopic inclusions recovered from 
willemite crystals were not pure enough or in 
sufficient quantity for chemical analysis. Hence, 
sampling was made of gross franklinite, on 
which analysis would be possible immediately 
adjacent to both red and black willemite 
Lattice dimensions were determined for the 
gross franklinite samples and for the red and 
black inclusions from the willemite, with the 
hope that correlation of cell size of correspond- 
ing samples could be established, and hence 
some information might be indirectly obtained 
on inclusion composition. These values are 
designated as J on Figure 2. No correlation 
exists between lattice dimensions of such in- 
clusions and adjacent large franklinite particles. 
These materials are in proximity in the mine, 
—that is, a gross franklinite grain might con- 
tact a willemite grain which could include the 
microscopic ferrite inclusions. The dimension 
variations observed are probably due to varia- 
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tions in chemical composition of the various 
ferrite samples. 

These variations support the conclusion that 
the ferrite inclusions in willemite are a product 
of post-ore alteration, probably serpentiniza- 
tion. 


PARAGENESIS OF THE MACROSCOPIC 
ORE MINERALS 


The determination of paragenesis of the ore 
minerals is complicated by the wide distribu- 
tion of secondary occurrences. Thin sections of 
the massive or gneissic type of ore, in which all 
the ore minerals are in contact, have indicated 
that willemite precedes franklinite, tephroite, 
and zincite. This is in disagreement with Ries 
and Bowen (1922, p. 546) who say, 


“In the very few sections where the two silicates 
(willemite and tephroite) were found in association, 
they occurred as granular intergrowths which indi- 
cated contemporaneous formation, though it is 
possible that the tephroite slightly antedated the 
willernite”’. 


In the sections studied, the interstices of the 
rounded willemite grains are filled with frank- 
linite and/or tephroite. The former tends to 
wedge in between the willemite grains; the 
latter, in many cases, peripherally replaces the 
willemite and may replace all but a few small 
remnants of a grain. Zincite, too, appears to be 
interstitial and has been observed thus far only 
in thin sections containing tephroite. 

This association of zincite with tephroite, 
and the latter’s relation to willemite suggests 
the possibility that manganese solutions, in 
replacing the zinc in willemite to form tephroite, 
resulted in the formation of zinc oxide which 
has been thrown down as zincite. 

This paragenetic sequence applies only to 
primary ore minerals. There is at least one 
later generation of willemite, zincite, and 
lranklinite. A hypothesis involving the forma- 
tion of secondary zincite and franklinite follows. 


GENESIS OF INCLUSIONS 


Although the distribution of inclusions in 
willemite suggests origin by exsolution from 
the silicate lattice, this has been ruled out on 
both theoretical and experimental grounds. 
Theoretically, it is improbable that iron would 
exsolve from a silicate lattice as an oxide phase 
such as franklinite. Had ferrous iron exsolved 
rom the willemite lattice, it more logically 


on 


would have been thrown down as the silicate 
fayalite. If the ferrous iron had actually ex- 
solved as an oxide, the annealing experiments 
should have resulted in its resolution into the 
willemite lattice. 

It seems significant that the franklinite in- 
clusions are confined primarily to the ortho- 
silicate minerals, willemite and tephroite, and 
are not found in the pyroxenes. Also, they are 
missing in the calcite associated with those 
silicates. The distribution of the inclusions in 
fractures and cleavage planes of the silicates 
indicates that they are of more recent origin 
than the silicates. As the willemite is considered 
to have replaced calcite, if the inclusions existed 
before willemite, they should also be present in 
the calcite. 

The apparently universal co-occurrence of the 
franklinite inclusions with inclusions of the 
hydrous silicates serpentine (Hy4Mg3SivO,) and 
friedelite H;(Mn, Cl) MnuSisO.g suggests that 
these minerals are genetically related. Such a 
relationship is easily visualized. 

Iron-bearing olivines when partially ser- 
pentinized are altered along their cleavage 
planes and fractures, and microscopic grains of 
magnetite-type material have been found dis- 
seminated in the serpentine within those zones. 
In some completely serpentinized minerals, it is 
possible to infer the nature of the original 
mineral by the pattern of distribution of the 
magnetite-type grains. The pattern of distribu- 
tion of franklinite inclusions in tephroite is 
similar to the pattern of magnetite-type dis- 
tribution in olivine. The pattern in willemite is 
less similar because of its crystallographic dif- 
ference from olivine. 

Bowen and Tuttle (1949) reported on ex- 
perimental serpentinization of iron-bearing 
olivines. Some black, magnetic iron oxide was 
found. They concluded that this was not pure 
iron oxide but had the composition (FeMg) 
O-FeOs. 

This serpentinization (or a similar process 
producing friedelite) then seems to be a possible 
mechanism for the production of franklinite 
inclusions. 

The authors believe the silicate ore minerals 
were formed at great depth and at high tem- 
peratures (whether deposited from hydrother- 
mal solutions, or by metamorphism of a pre- 
existing zinc-manganese-iron deposit). Phase 
studies on the serpentinization reaction re- 
ported in the literature indicate that serpentini- 
zation occurs only at relatively low tempera- 
tures. Also, since serpentine is a hydrate, the 
period of mineralization that produced the 
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inclusions of franklinite and serpentine and/or 
friedelite must be comparatively recent and 
must have occurred at temperatures and pres- 
sures below those prevailing during ore forma- 
tion. The temperature and pressure must have 
remained low, or the serpentine would have 
been destroyed. This would place the period of 
inclusion formation in the late Precambrian or 
post-Algonkian, long after the folding of the 
ore body. A post-Algonkian period of magnes- 
ium mineralization which resulted in the dolo- 
mitization of the limestone may also have been 
responsible for the formation of the inclusions. 

The inclusion-forming solutions were either 
simple magnesian solutions, or they contained 
magnesium, iron, manganese, and zinc. 

The black willemite has been described as 
composing a band that varies greatly in thick- 
ness and is apparently intricately folded paral- 
lel with the structure of the west limb and the 
cross member. In all cases it lies within a few 
inches of, or in gradational contact with, the 
red or brown willemite of those structures. 

If the inclusion-forming solutions contained 
all the metal ions necessary to produce frank- 
linite, serpentine, and friedelite by reaction 
with the silicate minerals, it seems inconceivable 
that color variations in the ore would coincide 
with the folded structure of the ore body. It 
seems more likely, therefore, that the mineral- 
izing solutions were of simple composition, 
perhaps containing only magnesium as the 
active metallic ion, and that the other metal 
ions were derived from the silicates themselves. 

A reaction to produce serpentine from wil- 
lemite would require simple magnesian solu- 
tions. The reaction might be written: 


2Zn.SiO, + 3Mg** + 5H20 — 
1HyMg;Six09 + 4ZnO + 6H* 


The hydrogen ion would react with the carbo- 
nate of the host rock. 

It is not presumed that the reactions were 
as simple as stated above. For example, wil- 
lemite from Sterling Hill in general contains 
appreciable manganese in solid solution. It has 
been established experimentally from other 
unpublished work that willemite can also con- 
tain ferrous iron in solid solution. The presence 
of admixed franklinite, however, has made it 
impossible to determine whether or not iron is 
present in natural willemite. These impurities 
could complicate the reaction and result in 
formation of a mixed ferrite as the oxide 
product. 

In the equation given, the volume of the 


products is far in excess of the volume of the 
initial minerals. This increase must be ex- 
plained if the serpentinization has taken place 
on a large scale. 

In spite of the probable complexity of the 
reactions in nature, a reaction similar to that 
described in the above equation may have 
taken place. In the Sterling Hill mine, there js 
a rather large mass of rock having the appear- 
ance and texture of normal red_willemite- 
franklinite ore disseminated in _ limestone. 
However, in this case the red mineral is anti- 
gorite, colored by a more than normal abun- 
dance of red franklinite inclusions. The asso- 
ciated macroscopic franklinite is normal in 
appearance, and the limestone matrix is made 
up of interlocking grains of calcite and dolomite. 
At a distance of the order of 15-20 feet from the 
serpentinous mass is an unusually large ir- 
regular mass of fine granular zincite with 
franklinite, sparse willemite, and almost no 
carbonate. The rock is generally brecciated. 

It is therefore suggested that the antigorite 
was originally willemite containing iron and 
manganese, which was acted upon by magnesian 
solutions. In the initial stages of the alteration, 
manganese and iron oxides and zinc were re- 
leased. These combined to form the highly 
insoluble franklinite inclusions that remained 
within the grains. When all the manganese and 
iron in the willemite lattice had been removed, 
the remaining zinc, by far the most abundant 
metallic ion of the three, was released as ZnO 
(zincite), a stable form. Because it is much 
more soluble than franklinite in a carbonate 
environment, it was transported from the 
immediate vicinity and precipitated some 
distance away. 

Total serpentinization of the willemite, ac- 
companied by dolomitization of the limestone, 
implies that the circulation of magnesian solu- 
tions was sufficient to alter the silicates com- 
pletely. 

The hypothesis suggested to explain the 
formation of franklinite by the action of 
magnesian solution on willemite may be ex 
tended to explain the differences in the in- 
clusions and the co-occurrence of black and red 
inclusions in the same crystal. 

Magnesian solutions acting on willemite con- 
taining considerable iron and manganese iD 
solid solution would, according to the proposed 
hypothesis, produce serpentine and franklinite. 
If the iron and manganese in the willemite vary 
in a regular fashion areally, the franklinite 
product of the serpentinization reaction would 
also vary in composition. As the serpentiniza- 
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tion proceeds, willemite crystals with a certain 
initial balance of manganese and iron could at 
first react to give ferrite crystal inclusions with 
a composition producing a dark color. As the 
reaction continues, the initial balance of iron 
and manganese in the willemite crystals may 
alter. This change in balance might then result 
in the production of ferrite inclusions of simi- 
larly altered composition of different color. 
This may explain the willemite peculiar to the 
brown-black contact zone where ferrite in- 
clusions of both color types occur mixed in 
single crystals. It follows that, if such a compo- 
sition variation did exist in the unaltered 
willemite in a gradational fashion across the 
willemite body, inclusions of only color, black 
or red, should be found on either side of the 
brown-black contact, as is the case. 

If the serpentinizing process continues to a 
stage in which manganese and iron are no 
longer available in the willemite, then zincite 
rather than the ferrites begins to form in addi- 
tion to the serpentine. Such zincite inclusions 
have been observed, but only in the pale flesh- 
colored to red willemites. 

The variation in cell size of the inclusions 
with color as determined by powder X ray 
qualitatively supports this suggestion of vary- 
ing composition. 

The writers suggest that, in the case of wil- 
lemite containing inclusions of franklinite and 
serpentine, the solutions were present in 
quantities and concentration sufficient only for 
partial serpentinization. In such a case, the 
reaction did not progress past the stage of 
franklinite formation and left the willemite 
essentially intact. If this is true, some masses 
of willemite should be unaltered. Such masses 
do exist, notably in the thickened part of the 
cross member. The willemite in these portions 
of the ore body is a dull brownish green. 

The X-ray data on franklinite indicate a 
wide variation in lattice dimensions. The black 
magnetic inclusions have cell dimensions in 
the vicinity of 8.42-8.44A and are only slightly 
larger than those of magnetite 8.40A. The red 
nonmagnetic inclusions have cell dimensions in 
the vicinity of 8.50A. Gross franklinite has been 
found with cell dimensions ranging from those 
of the black inclusions through about 8.47A 
but this far have not been found to match the 
red inclusions. 

The experimental measurement of the ferrites 
indicates that manganese, and zinc to a lesser 
extent, control the ferrite lattice variations. 
Accepting bivalent manganese as the control- 
ling factor, there are two alternatives for 


further explanation. Either the manganese 
content of the inclusions is more or less uniform 
in all franklinites and the valence state differs, 
or there are varying concentrations of man- 
ganese. Impurity of the inclusion concentrates 
has prevented checking the latter. As to whether 
the valence of manganese varies in different 
franklinites, it seems impossible to check be- 
cause of the co-occurrence of manganese and 
iron in the same mineral and the oxidation- 
reduction reaction that takes place between 
them when the mineral is dissolved in acid. 

Friedelite has been detected as a common 
associate of franklinite inclusions, in places 
almost to the exclusion of serpentine. A reac- 
tion such as that described previously for the 
serpentinization of willemite could be written 
with manganese substituted for magnesium. 
The reaction would perhaps take place under 
similar environmental conditions, and the 
metallic oxide inclusion products would be the 
same. It is improbable, however, that both 
processes could have continued simultaneously. 
Thus far, insufficient facts are available to 
reconcile the two processes. 

The foregoing generalized hypothesis can 
explain certain features of the ore that seemed 
irreconcilable. If the microscopic inclusions 
were considered to be emplaced in fractures of 
the silicate minerals at the time the macroscopic 
franklinite was formed and thereby to be 
directly related to it genetically, it was difficult 
to account for the discrepancies in lattice 
dimensions between gross franklinite and 
microscopic franklinite from the same hand 
specimen. It was even more difficult to explain 
the existence, side by side, of black and red 
franklinite, and in some cases, zincite, in the 
same willemite grain. The serpentine hypothe- 
sis seems to clarify the problem somewhat. 
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FORMATION OF BADLAND TOPOGRAPHY 


By Max F. CARMAN, JR. 


The detailed account of the formation of 
badland topography by S. A. Schumm (1956) 
serves as a background for study of the many 
varied forms of this feature. In the course of 
mapping in Lockwood Valley, California, the 
writer has observed in some detail the occur- 
rence of a striking variety of badland topog- 
raphy. Lockwood Valley lies in a semiarid 
region south of Mount Pinos in Kern and Ven- 
tura counties in the northernmost Transverse 
Ranges. The feature to be described is mostly 
confined to the Caliente Formation which is 
part of a sequence of Tertiary continental sedi- 
mentary rocks exposed widely around the 
flanks of Mount Pinos in southeastern Cuyama 
Valley and extending eastward into Lockwood 
Valley. 

The whole Tertiary sequence is characterized 
by the fine-textured drainage pattern commonly 
referred to as badland topography. A variety 
of this topography consists of narrow ridges, 
the sides of which are sculptured into delicate 
flutings, resulting in thin septumlike subridges 
with nearly vertical sides and distal termina- 
tions (PI. 1, figs. 1, 2). This variety is character- 
istic of the Caliente Formation. It occurs only 
in rocks which range in texture from sandy to 
coarsely conglomeratic (Pl. 1, fig. 3) and which 
are peculiar in that the coarser material is set 
in a clay matrix which constitutes a major 
fraction of the rock. 

The formation of this type of badland topog- 
raphy here appears to be due to several factors. 
The climate is winter-wet semiarid, with annual 
rainfall seldom exceeding 15 inches. Thus the 
sediments are dry most of the time. A second 
factor is very active headward erosion, for the 
unusual sculpturing appears chiefly at the 
heads of streams and subsidiary rivulets, and 
the scale depends on the size and activity of the 
streams involved. For example, where large 
Streams have unusually steep headward gra- 
dients septa and flutings measure tens of feet 


in height (PI. 1, fig. 1), but where smaller and 
less active streams are working on the beds 
the scale of the phenomenon is smaller, with 
ridges seldom more than 6 or 8 feet high and 
commonly much shorter (PI. 1, fig. 3). A third 
factor that appears to be even more basic is 
the presence of clay mixed with coarser frag- 
ments. More well-sorted silts and clay inter- 
bedded with the fluted layers give smoother 
and less delicately carved slopes (PI. 1, fig. 2). 
In adjoining formations coarse arkoses with 
predominantly calcareous cement form smooth 
slopes composed of loose sandy detritus when 
eroded under the same stream conditions. The 
fluted ridges, on the other hand, are armored 
with a hard veneer of sandy clay a few inches 
thick, which covers a softer inner layer and 
hard core, suggesting a zone of leaching imme- 
diately under the indurated outer layer. In 
times of rain the water does not soak in readily 
but moves rapidly into the troughs of the flut- 
ings. Its action on the clay-laden material in 
steep sides of the septa is much like that of 
surficial melting, wherein only a very thin 
layer softens and is washed away. Common 
occurrence of festooned ridgelets similar to 
those formed by paint that has run is evidence 
of such action. Ireland et al. (1939, p. 66-69) 
noted similar effects in gully erosion in South 
Carolina. In washing of gully walls they ob- 
served a “paintlike coating” of clay washed 
from an upper zone and covering a soft lower 
zone of deeply weathered gneissic bedrock. 
They further noted the “protective” effect of 
this coating in retarding removal of the soft 
material. In Lockwood Valley the protective 
covering has not washed from an upper zone, 
but develops from the badland layers them- 
selves. In some places overlying beds are silt- 
stone or arkose with very little clay. Also, the 
armored layer shows bedding by alignment of 
clasts which is continuous with bedding of the 
same nature in the hard core, and which is 
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concordant across badland ridges (PI. 1, fig. 3). 
The cause of armoring is not clearly understood, 
and a more-detailed study of the septa and the 
nature of the clay throughout them is needed. 

Schumm (1956, p. 632-634) has discussed 
the formation of rills in badland erosion, point- 
ing out that they form from the channeling of 
water on steep slopes during rapid runoff. The 
flutings in the Caliente Formation apparently 
develop from rills of this type when they are 
accentuated as a result of a progressively in- 
creased ratio of downcutting in rill troughs to 
slopewash on their sides. Causes seem to be a 
combination of the armoring of ridge sides, 
making them resistant to slopewash, and a con- 
centration of water in steep narrow runways 
containing an abundant supply of clastic 
particles for cutting. The clastic particles come 
from within the badland beds, and wash out 
of the ridges to accumulate in the channels of 
the flutings. Such cutting tools should materi- 
ally facilitate downcutting in the channels, 
which are themselves very well indurated when 
dry. 

Such fluting does not occur in a. nearly pure 
clay which overlies the Caliente Formation; 
instead, the surface of the clay is composed 
of a loose granulose aggregate into which water 
soaks rather than collecting into rill-forming 
rivulets. The presence of the fluted variety of 
badland topography in Caliente beds but not 
in the pure clay suggests that the kind of clay 
may be a fourth factor in the development of 
badlands. It is not known whether the clay is 
different in each formation found in this area, 
however. X-ray-diffraction patterns from sev- 
eral samples of the pure clay and one of 
the matrix from the Caliente Formation indi- 
cate that most of the material is montmorillo- 
nite-type clay, but the fine-grained materials 
from the other formations have not been 
identified. 
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Whether fluting and septa could form in an 
environment that remains moist over long 
periods is questionable. If the clay were thor- 
oughly soaked, slumping might prevent 
development of permanent narrow ridges. The 
rills and ridges described here showed no 
important seasonal changes. Though the area 
is subject to moderate frost action during the 
wet winter this does not cause disintegration 
of the ridges, as happens in the cases described 
by Schumm. 

It appears that here we have an exception to 
Schumm’s “Rill Cycle” in which the rills be- 
come permanent fluting and under favorable 
conditions develop the striking septumlike 
ridges. As noted above, these conditions would 
include semiarid climate, active headward 
erosion by streams in the area, and a bedrock 
composed of clastic particles set in a clay 
matrix. The nature of the clay in the matrix 
may also be important, but this point has not 
been established. 

Mr. Schumm has made several helpful sug- 
gestions concerning this note. He points out 
that what is described herein is “probably the 
normal situation in most badlands’’, and that 
it may be concluded that his rill cycle is the 
exception rather than the rule in the West. 
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PLATE 1.—BADLAND TOPOGRAPHY 


FicurE 1.—Large-scale fluting in conglomeratic Caliente beds. Fluted cliff is 150 feet high left of center. 
Mark above ridge line is meaningless. 

FicureE 2.—Small-scale fluting in beds of typical Caliente lithology with interbedded clay and overlying 
silt. Fault, left of center, has dropped stratigraphically higher arkose on left against badland beds on right. 
Barren ridge is 30 feet high. 

FicurE 3.—Shallow fluting in coarsely conglomeratic Caliente beds. Note accumulation of clastic frag- 
ments in bottoms of channels. 
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CROSS-BEDDING IN PENNSYLVANIAN SANDSTONES OF CENTRAL 
PENNSYLVANIA: A PRELIMINARY STUDY 


By RicHarp P. NICKELSEN 


Introduction 


Recent regional cross-bedding studies in 
lower Pennsylvanian sandstones of the Eastern 
Interior Basin (Potter and Siever, 1956) have 
stimulated interest in Pennsylvanian _pale- 
ogeography and have shown the value of cross- 
bedding in indicating source areas for Pennsyl- 
vanian sediments. No cross-bedding studies 
have been completed on the Pennsylvanian 
rocks of the Appalachian Plateau. 

This note presents information collected from 
a 600-square-mile area in Centre and Clearfield 
counties, Pennsylvania, on the type and dip 
directions of cross-bedding. During 1954-1956, 
while doing stratigraphic work on Pennsyl- 
vanian rocks, the writer recorded 440 cross- 
bedding dip directions, at 36 localities, in 7 
stratigraphically different sandstones. Each 
cross-bedded sandstone encountered during 
stratigraphic work was sampled on a grid with 
stations commonly spaced 10 feet along the 
base and up the face of the exposure. No pre- 
liminary regional sampling was established at 
the beginning of work because correlation and 
extent of cross-bedded sandstone bodies were 
not known. 

Financial support for stratigraphic work in 
central Pennsylvania was provided by the 
Department of Geology and Experiment 
Station of the College of Mineral Industries, 
The Pennsylvania State University. The writer 
thanks Eugene Williams for supplying cross- 
bedding data from the Clearfield area and for 
critically reading the manuscript. Francis J. 
Pettijohn read a preliminary draft of the manu- 
script and offered a number of helpful sugges- 
tions. 


Stratigraphy 


A generalized section showing the strati- 
graphic position of coals and sandstones of the 
area is shown in Figure 3. The section below 
the Lower Kittanning coal was compiled by 
Williams and the writer (Williams and 
Nickelsen, In press) while the part above the 
Lower Kittanning coal was modified from Sisler 
(1926, p. 164). With few exceptions the sand- 
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stones are named for the coal which overlies 
them. Pennsylvanian rocks of the area occur 
in cyclic successions, consisting of sandstone, 
clay or claystone, coal, and shale in ascending 
order. The sandstone of the overlying cycle 
may occur in conformable sequence above the 
shale or may disconformably overlie any rock 
type in the preceding cycle. Most cross-bedding 
appears in thick, massive, disconformable 
sandstone occupying channels in the underlying 
rocks. Sandstones are irregular in thickness and 
distribution, and none, except possibly the 
Homewood, persist over the whole area. They 
either interfinger with shales or thin to a feather 
edge where surfaces of disconformity rise on the 
sides of channeled areas. Some, such as the 
Lower Kittanning sandstone in the region 
between Houtzdale and Philipsburg and the 
Middle Kittanning sandstone north of Philips- 
burg, are present over areas of 40 to 50 square 
miles, but others, such as the Upper Kittanning 
sandstone, are extremely local. 


Cross-Bedding 


Figure 2 illustrates the type of cross-bedding 
most commonly observed in Pottsville and 
lower Allegheny sandstones. The vector sum 
of all cross-bedding dips at this locality is 
shown by the arrow. It is inferred that the 
average direction of current movement paral- 
leled the arrow. The right face of the block is a 
section parallel to the average direction of 
current movement, and the left face is per- 
pendicular to the average current direction. 

Cross-bedding shown in Figure 2 is most like 
planar cross-stratification (McKee and Weir, 
1953, p. 387) in which the lower bounding 
surface of cross-bedding sets are planar surfaces 
of erosion and sets are tabular or wedge-shaped. 
Trough cross-stratification, in which the lower 
bounding surfaces of sets are curved surfaces 
of erosion, is also shown in Figure 2, and all 
transitions between planar and trough cross- 
stratification probably exist. Whether a partic- 
ular set is classified as trough or planar type 
depends upon radius of curvature of the ero- 
sional surface in relation to the size of the out- 
crop. Units of sedimentation containing cross- 
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bed sets are apparently elongated in the 
direction of current flow (compare right and left 
faces of Figure 2) and either lenticular or 
wedging tabular. The cross-bed unit diagram- 
matically shown by Potter and Siever (1956, 
Fig. 3) is similar to those inferred for this area 





Cross-BEDDING IN CLARION 
SANDSTONE AT BILGERS Rocks, NORTHWEST 
OF CURWENSVILLE, PENNSYLVANIA 


Arrow shows vector sum of all cross-bedding dips. 


except that greater variation in strike of cross- 
bedding within sets was found in central 
Pennsylvania, and sets were not always concave 
in the direction of current flow. Tanner, (1955, 
p. 2473) compared the various statistical meas- 
ures of central tendency as applied to cross- 
bedding and concluded that modes, vector 
sums, and minimum arrows are most useful for 
indicating paleocurrent trends. The writer 
has followed Tanner in using modes (circular 
histograms) and vector sums to present data. 

Figures 1 and 4 summarize the observations 
on cross-bedding dip directions. Figure 1 shows 
localities where cross-bedding was measured. 
Vector sums were calculated graphically by 
vector addition. Figure 4 shows the frequency of 
occurrence of cross-bed dip directions in 10- 
degree classes for each sandstone. 


Discussion of Cross-Bedding Dip Orientation 


Vector sums of cross-bedding dips in the 
Homewood Sandstone at three localities fall in 
the northwest and southwest quadrants, and 
the histogram shows modes in the northwest, 
southwest, and southeast quadrants (Fig. 4B). 
Although data are meager, a westerly direction 
of transport is indicated. In sharp contrast, the 
trends of the Clarion Sandstone (Fig. 4C), 
which is well developed only in the western part 
of the area near Curwensville (Fig. 1), are to the 
northeast or southeast. This is the only sand- 
Stone in the area showing such an easterly 
trend. The Lower Kittanning Sandstone which 


was sampled only near Philipsburg and Houtz- 
dale shows an equally strong development of 
westerly dips with a concentration of vector 
sums and modes in the northwest quadrant 






































rs 
% $ 
topes og 
nit] Mahoning ss. cs 
Pig so 
° 
be Oo 
[= Upper Freeport Coal 
A Upper Freeport ss. 
Lower Freeport Coal 
\ 
X 
Upper 
Upper Kittanning Coal~ Kittanning 
oa Sandstones 
Middle Kittanning Coal s 
ATS 5 
Ir raph 7) 
feet Middle Kittanning ss. § 
™ XG 3 
iS , ; < 
{ Lower Kittanning Coal 
60. z3% 
404 Lower Kiftanning ss. 
Clarion 3 Coal 
20 
0. — Clarion 2 Coal 
—— Clarion 4 Coal 
Clarion ss. 
Brookville Coal 
“:] Homewood ss. Ze 
35 
oO 
ots Ss 
in a 











FiGURE 3.—GENERALIZED SECTION, 
PENNSYLVANIAN ROCKS OF CLEARFIELD 
AND CENTRE COUNTIES, PENNSYLVANIA 


(Fig. 4D). The Middle Kittanning Sandstone 
was sampled more extensively than other sand- 
stones because abundant exposures are provided 
by strip mining on the underlying Lower Kit- 
tanning coal. There is a high concentration of 
dips and vector sums in the western half of the 
diagram (Fig. 4Z), but regional variations are 
present. Dips to the west and north are pre- 
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Ficure 4.—CrircutarR HIistoGRAMS OF CrRoss-BEDDING Dip DIRECTIONS FOR EACH SANDSTONE 
Radii of small circles equal 2 per cent of total cross-beds plotted in each diagram. Arrows are 


vector sums for each locality plotted on Figure 1. 


dominant in the eastern part of the area in an 
extensive body of sandstone between Philips- 
burg and West Branch of the Susquehanna 
River. South of Philipsburg dips swing to the 
southwest. In the central and western part of 
the area, however, two localities show vector 


sums to the southeast. Cross-bedding from 
sandstones both above and below the Upper 
Kittanning coal has been plotted in Figure 4F. 
Both sandstones are local in development, and 
there is great variability in cross-bedding dip 
directions. Nevertheless there are few dips to 
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the east, and a westerly direction of current 
flow is suggested. Sandstones above both Free- 
port coals show a high frequency of north- 
easterly and northwesterly dips and similar vec- 
tor sum directions (Fig. 4, G and H). Although 
only five localities in the central part of the area 
were sampled, a northerly direction of current 
flow is strongly indicated. 


Inter pretation 


Cross-bedding orientations over such a small 
area and including so few sampling localities 
cannot lead to major conclusions about the 
source of Pennsylvanian sediments. Studies by 
Potter and Olson (1954), Potter and Siever 
(1956), and Pettijohn (1957) have demon- 
strated the need for systematic coverage of a 
large area in order to exclude overemphasis on 
local vagaries in current direction. However, 
certain tentative interpretations can be made. 

The Homewood, Lower Kittanning, Middle 
Kittanning, and Upper Kittanning sandstones 
are all marked by a predominance of cross- 
bed dips in the western quadrants of Figure 4, 
B, D, E, and F. Cross-bedding in these sand- 
stones is largely responsible for the modal and 
vector sum concentrations in the northwest 
quadrant of Figure 4A. Each sandstone shows 
slight differences in dip direction within this 
pattern. Homewood and Upper Kittanning 
cross-beds vary around a southwesterly median, 
whereas Lower and Middle Kittanning dip 
directions are heavily concentrated in the 
north and northwest. It is plausible to suggest 
a source to the southeast or east for these sand- 
stones. The predominance of easterly cross- 
bedding dips in the Clarion Sandstone of the 
Curwensville area has already been noted 
(Fig. 1, 4C). Only three outcrops of this sand- 
stone were visited, but readings, if significant, 
indicate a direction of current flow greatly dif- 
ferent from that of most other sandstones of 
the region. The Middle Kittanning sandstone 
also shows easterly dips at two localities in the 
western part of the region. Local easterly dips 
may result from a meander in the delta distrib- 
utary or stream that deposited the sandstone 
or may indicate a different genesis for the 
sandstone (e. g., sand bar). Less likely, they 
could mean a shift in the source of sediments to 
the west. A local source or local uplift within the 
area of sedimentation which served to deflect 
currents may also be suggested to explain these 
anomalous dips. Wanless (1946, p. 132) reports 
great Pennsylvanian thickness differences on 
opposite sides of several anticlines and fault 


795 


zones in Kentucky, and Fettke (1954, p. 8) 
notes that “prominent folds on the southeastern 
side of the Appalachian basin are much more 
complex structurally at depth than had been 
anticipated from earlier surfaces studies.” 
Thickening of Pennsylvanian sediments in syn- 
clinal troughs and thinning over anticlinal crests 
has been recognized in Clearfield and Centre 
counties, Pennsylvania (Williams and Nickelsen, 
In press). These observations indicate structural 
growth within the Appalachian Plateau before 
and during deposition of Pennsylvanian rocks. 
The Chestnut Ridge anticline, just west of the 
map area (Fig. 1), was perhaps growing at the 
time of sedimentation, and could have deflected 
regional current flow or been a local source, 
giving rise to the easterly cross-bedding dips. 
The La Salle anticline of Illinois may have 
acted similarly to deflect currents depositing 
the Mansfield Sandstone (Potter and Olson, 
1954, p. 66). 

Northerly cross-bedding dips in both the 
Upper Freeport and Mahoning sandstones are 
an example of variation in dip direction at 
different stratigraphic horizons. A southeasterly 
source is still indicated, but deflection of cur- 
rent flow northward has occurred, perhaps by 
sedimentary upbuilding south of the study 
area. 


Summary 


Data indicate an east or southeast source for 
central Pennsylvania Upper Pottsville and 
Allegheny sediments. Problems for further 
work suggested by this preliminary study are: 

(1) A study of cross-bedding in the lower 
Pottsville (Conoquenssing Sandstone and Olean 
Conglomerate) in central and _ west-central 
Pennsylvania to discover if a southeast source 
is indicated or if a northerly source, as suggested 
by Potter and Siever (1956) and Fuller (1955) 
for the lower Pottsville of Ohio, Illinois and 
Indiana, is more probable. 

(2) A regional cross-bedding study of the 
Upper Freeport and Mahoning sandstones to 
bring out the reasons for the northerly dips 
found in the study area. Was there a shift in the 
regional slope from nerthwest to north at this 
time, or are the trends shown merely part of the 
fanning out of currents from a local area of 
sedimentary upbuilding? 

(3) A study of the cross-bedding in a number 
of sandstones along both sides of Chestnut 
Ridge to test various hypotheses for the easterly 
cross-bedding dips in the Clarion and Middle 
Kittanning sandstones of this area. 
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